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ABSTRACT

Kwon, Jae-Sung. Ph.D., Purdue University, December 2013. Hybrid Opto-electrokinetic
Technique for Micro/Nanomanipulation: Towards Application of a Novel Non-invasive
Manipulation Technique in Microbiological Assay. Major Professor: Steven T. Wereley,
School of Mechanical Engineering.

This dissertation explores various physical mechanisms of the Rapid
Electrokinetic Patterning (REP) technique suggested for rapid and precise on-chip
manipulation of colloids and fluids, and bio-compatibility of the technique for biological
applications. REP is a hybrid opto-electrokinetic technique that is driven by the
simultaneous application of an AC electric field and a heating source. It can not only
effectively transport and manipulate a fluid but also concentrate and pattern particles
suspended in the fluid through the combined effect of an electrohydrodynamic flow,
electrostatic colloidal interactions and an electrothermal microfluidic flow. These
capabilities make REP a promising tool which can provide significant improvements to
the development of many research fields ranging from colloidal science to biotechnology.
However, due to its relatively recent invention, the understanding about the roles of each
of the REP mechanisms is incomplete. To further understand REP, we analyzed the
topology of a typical REP-based particle cluster through development of a VoronoiDelaunay in-house code and as a result, found that non-equilibrium electric double layer
(EDL) polarization is involved in the interaction between the particles as well as
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between the particles and the electrode surface. This polarization is a very critical
electrokinetic mechanism that determines the stability of REP operation, together with a
related phenomenon Maxwell-Wagner interfacial polarization.
The electrothermal microfluidic flow responsible for the transport of particles
during REP manipulation also was studied experimentally and theoretically. In the
experiments, we measured the whole velocity field and temperature field of the flow
using a particle image velocimetry (PIV) technique and a laser-induced fluorescence (LIF)
technique. The experiments provided a detailed physical understanding of the various
characteristics of the electrothermal flow: 1) three dimensional toroidal flow structure
and pattern, 2) dependence on AC frequency, electric potential and temperature rise in a
fluid, and 3) relative contribution of natural convection to the flows. On the basis of the
comprehensive velocity and temperature data obtained from the experiments, we
constructed a dimensionless number to characterize the electrothermal flow using the
Buckingham PI theorem. The number consists of an inertial force, a Coulomb force and a
dielectric force, and is shown to have a linear relation with the strength of the
electrothermal flow.
A complete understanding of the REP mechanisms led to application of the
technique for microorganism manipulation. Our study first demonstrated the biocompatibility of REP using Shewanella oneidensis (S. oneidensis) MR-1, Saccharomyces
cerevisiae (S. cerevisiae) and Staphylococcus aureus (S. aureus). A large number of these
microorganisms were rapidly concentrated and patterned as well as dynamically
manipulated on an electrode surface. Moreover, the precise size-based separation and
dynamic/ selective trapping of two different microorganisms also was demonstrated.

xxi
These abilities of REP can make critical contributions to the realization of a high
performance on-chip bioassay system.

1

CHAPTER 1. INTRODUCTION OF FUNDAMENTAL STUDIES ON PRIMARY AC
ELECTROKINETIC MECHANISMS FOR UNDERSTANDING OF OPTOELECTROKINETIC MANIPULATION TECHNIQUE

1.1

Introduction

The ability to manipulate, transport, crystallize, stack and arrange micro- or nanoparticles is very important for the development of various research fields ranging from
fundamental sciences such as biochemistry and physics to applied engineering including
biotechnology and MEMS manufacturing [11-14]. Rapid and precise manipulation of
colloidal particles can not only improve the efficiency and performance of lab-on-a-chip
(LOC) devices used for bead-based assays [15] but also increase the sensitivity and
specificity of on-chip biochemical analyses of target components [16]. The recognition of
these enormous advantages led to the creation of a variety of non-contact manipulation
techniques: optical trapping [17-21], electrophoresis [22-24], dielectrophoresis [1, 25-28],
magnetophoresis [29-30] and acoustophoresis [31-32]. However, despite such extensive
efforts, the existing methods are not yet meeting the technical requirements like ease,
expeditiousness and precision of micro- or nano-manipulation. For example,
dielectrophoresis needs the complicated design and configuration of an electrode system
and its integration into small spaces by microfabrication techniques [33-34]. Further, the
adhesion of colloids on the electrode often happened during dielectrophoretic
manipulation makes continuous operation of the manipulation difficult [35]. Optical
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tweezers have a limitation in achieving high-throughput of biochemical analyses, because
only a single or few microorganisms can be trapped in the beam waist of a laser [36].
Magnetophoresis involves the pretreatment of manipulation targets with magnetic beads
off-chip, and it inhibits the automated performance of all steps of on-chip bioassay [7, 30].
These disadvantages of the existing techniques illustrate the necessity of a simple and
versatile alternative technique.
Recently, a novel optically induced electrokinetic technique was suggested. The
technique, termed rapid electrokinetic patterning (REP), can manipulate the motion of
particles and fluids rapidly and precisely through AC electrokinetic mechanisms induced
by the simultaneous application of an AC electric field and a light. In addition, as the
REP-based manipulation is strongly frequency-dependent, selective concentration and
separation of particles is achievable. The capabilities of REP technique overcome the
limitations of the existing non-contact manipulation techniques by coupling the dynamic
controllability of optics with frequency-dependent AC electrokinetic forces. It makes the
technique a promising tool for colloidal manipulation.
This chapter provides an overview of the fundamental studies of the primary
electrokinetic mechanisms involved in REP, in order to gain insight into the physics of
the technique. Optoelectronic tweezers, another technique which requires the
simultaneous application of an AC electric field and an optical light for particle
manipulation similarly with REP, is introduced to physically explain and emphasize a
distinct difference between the two techniques. A more thorough introduction to AC
electrokinetic mechanisms is provided by the research articles and books written by
Morgan and Green, and Jones and Lyklema [5, 23, 26, 37-38].
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1.2

Overview on Primary AC Electrokinetic Mechanisms
1.2.1

Polarization of Colloids

When a dielectric particle suspended in a dielectric medium (generally
electrolytes) is subject to an external electric field, it is polarized forming a dipole of
positive and negative charges bound within the particle. The degree of the particle
polarization is determined by polarizability ( ), a measure of the ability of a material to
respond to an applied electric field.
There are several kinds of polarization mechanisms that occur when an external
electric field is applied to a dielectric material [5]. Some polarization examples on the
molecular level include electronic polarization, atomic polarization and orientational
polarization. Electronic polarization arises from a slight displacement of the center of a
negative electron cloud with respect to the center of the positively charge nucleus in an
atom (Figure 1.1). Let’s assume that when the atom is polarized by an applied electric
field, the distance between the separated positive and negative charges is "d". In the
steady state, the electrostatic force produced on the negative charge by the external
electric field is balanced with the force from the positive nucleus. Therefore, the local
electric field around the dipole is given as the field by a point charge at a radius of d and
accordingly, the atom polarizability is expressed as below:
.

(1.1)

Atomic polarization is caused by the translation of ions in a crystalline solid. The ions
with different polarity in the material move in different directions when they are exposed
to an applied electric field. The small displacement of the ions brings about the atomic
polarization. Orientational polarization is a polarization arising from the alignment of
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Figure 1.1. Illustration of electronic polarization of an atom [5].

permanent dipoles in particles by an electric field. There are also two important
polarization mechanisms that occur at a larger scale, i.e. on the order of particle size itself.
One is interfacial polarization which occurs due to charges accumulated at the interfaces
between two different dielectric materials. The polarization is introduced in more detail
in Section 1.2.1.1. The other is a polarization of the ionic double layer enclosing a
particle. It is discussed in Section 1.2.1.2.
The polarizations in a dielectric material basically involve the movement of
charges to create dipoles. The rate of the movement is finite and accordingly, each
polarization has its own characteristic frequency to determine the polarizability. For
example, while atomic and electronic polarization has typically a frequency of order 1014
Hz, interfacial and electric double layer polarization typically has a frequency much
lower than that. Below these frequencies, ions have sufficient time to translate and hence,
maximum polarization occurs. Above these frequencies, the polarization does not reach
its maximum and at very high frequencies no polarization occurs, since the charges do
not have enough time to form dipoles.
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1.2.1.1 Maxwell-Wagner Interfacial Polarization
Maxwell-Wagner interfacial polarization is a mechanism that occurs due to the
surface charges accumulated at the interface between two different dielectrics [5]. The
simplest way to physically understand the Maxwell-Wagner interfacial polarization is to
consider a homogeneous spherical particle (p) suspended in a dielectric medium (m). The
effective dipole moment of the particle induced by an applied electric field (E) is given
by
(1.2)
where

is a complex permittivity, a a particle radius,

particle volume, and

an applied electric field,

is a

is an effective polarizability. The complex permittivity is given by

, where

,

an electrical conductivity and

is an

angular frequency. The effective polarizability ( ) of the particle is typically described by
the Clausius-Mossotti factor (

) as below:
.

(1.3)

The Clausius-Mossotti factor has been understood by observing the dielectrophoretic
(DEP) behavior of a particle. In the presence of a non-uniform electric field, the DEP
force (FDEP) produced on each charged end of the particle is given by
.
For positive values (

(1.4)

), particles will migrate toward the region where a

strong electric field occurs (positive DEP). For the negative values (

), they

move to a weak electric field region, being repelled from a strong electric field region
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(negative DEP). The crossover frequency at which particle behavior changes from
positive to negative DEP (or vice versa) is used to determine the Clausius-Mossotti factor,
effective polarizability and frequency-dependent behavior of Maxwell-Wagner interfacial
polarization. Since at the crossover frequency the real part of the effective polarizability
is zero, the Maxwell-Wagner interfacial relaxation frequency (

) is as follows:

.

(1.5)

The determination of the relaxation frequency is necessary to understand what
electrokinetic force mechanism enables the particle manipulation by REP, i.e. if a
dielectrophoretic force governs the REP-based manipulation or if other AC electrokinetic
mechanisms associated with the polarization in an ionic double layer significantly affect
the technique.
Here, we have to note that the above dipole approximation is not appropriate in
such situations where the non-uniformity of the local electric field is substantial or there
is a field null. For these cases, higher order moments (quadrupoles, octopoles and etc)
must be considered. While the multipoles are outside the scope of this investigation,
further information can be found in [5, 26, 39-40].

1.2.1.2 Ionic Double Layer Polarization
When a dielectric solid comes into contact with a dielectric liquid, the surface of the
material acquires electric charges. The surface charges come about through either the
dissociation of chemical groups on the surface or the absorption of molecules from the
liquid into the surface. The accumulation of the surface charges affects the migration of
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Figure 1.2. Structure and electric potential profile of an electric double layer around a
charged surface [5]: (a) Electric double layer consisting of the layer of bound
counterions, Stern layer and diffuse layer. (b) Variation in electric potential with
distance y from the surface.
liquid charges in the liquid around the solid surface, creating a local electrostatic potential
ϕ0. This electrostatic potential attracts ions of opposite charge from the solution and repels
ions with like charge. Therefore, the liquid region near to the solid surface has a higher
density of counterions and a lower density of co-ions compared with the bulk fluid. This
region is referred to as a diffuse layer and influences the distribution of ions near the
surface (Figure 1.2). There is another layer consisting of bound or tightly associated
counterions between the solid surface and the diffuse layer. The layer is called the Stern
layer and has the order of one or two solvated ions thick. In this region, it is assumed that
the potential falls linearly from ϕ0 (the surface potential value) to ϕd (the value of the
potential at the interface between the diffuse layer and the stern layer). The potential decays
exponentially across the diffuse layer with a characteristic distance given by the Debye
length, κ-1. For a symmetrical electrolyte with z=z+=z-, the Debye length is given by
(1.6)
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where ε is electrical permittivity of a liquid. kB is Boltzmann constant, T temperature, z
valency of ions, q electron charge and n0 is the number density of ions in a bulk fluid.
The diffuse layer and Stern layer comprise an electric double layer in the contact of
a dielectric solid and a dielectric liquid. The electric double layer plays an important role
in the electrokinetic behavior of colloidal particles. The surface charges around the
particle modify their dielectric properties via surface conductance effects. Based on this
fact, O’Konski [41] suggested a theoretical model for the electrical conductivity of a
particle suspended in a dielectric liquid, insisting that the flux of charge carriers by fixed
charges on the particle surface should be added to the flux by movement of bulk charges
to and from the surface. The model expresses the particle conductivity as the sum of bulk
conductivity and surface conductivity:
.

(1.7)

It successfully explained the frequency-dependent dielectric behavior of larger particles
(>1µm), observed at AC frequencies where Maxwell-Wagner interfacial polarization is
dominant [42]. However it is not valid for the case that the thickness of the electric double
layer is comparable to the particle radius. In this regime, other models have been
developed [23, 43]. Lyklema et al. [23] made a new model that includes all the charge
effects from a solid surface, Stern layer and diffuse layer. Figure 1.3 is a schematic of the
model, and illustrates how the electric double layer is polarized by an applied electric field.
While ions in the Stern layer move in response to the electric field, ions in the diffuse layer
attempt ion exchange with a bulk liquid in order to maintain electro-neutrality [23, 37]. This
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Figure 1.3. Ionic double layer polarization of a particle suspended in a dielectric
medium [5].
model has often been used to explain the dielectrophoretic behavior of colloidal particles at
small scales.
Many previous dielectric measurements of colloidal suspensions showed that there
is a second dispersion in the AC frequency range lower than the Maxwell-Wagner
interfacial relaxation frequency [44-47]. The dispersion, referred to as α-dispersion in
biophysics or low frequency dielectric dispersion (LFDD) in colloidal sciences, occurs due
to the macroscopic polarization of an electric double layer around the particles, and has a
characteristic relaxation time given by [47]
(1.8)
where D is the diffusivity of ions. The relaxation time suggested by Schwartz [47] is
proportional to particle surface area. Accordingly, the α-dispersion effect occurs at lower
frequencies as the particle diameter increases. In deriving this model, two components of
the ion fluxes around a particle were considered: (1) the movement of ions by an applied
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electric field and (2) the flux of ions occurring in response to the poles of a polarized
particle [5]. However Schwartz’s model did not consider the ionic exchange between the
suspending medium and diffuse layer. Further, the change in polarization caused by the
deformation of an electric double layer was ignored. Taking these factors into
consideration, Lyklema et al. [37] provided a modified version of Schwartz’s model.
DeLacey and White [48] developed a different relaxation model that additionally
considers ion fluxes in the transverse direction of an electric double layer. O’Brien [49]
established a relaxation model which is valid at high AC frequencies. These various
theoretical models give insight into the dynamics of particles involved in the REP
technique.

1.2.2

AC Electroosmosis

AC electroosmosis (ACEO) is a fluid motion generated by the interaction
between charges in an electric double layer and a non-uniform AC electric field. The
charges migrate along an electrode surface under the influence of a tangential component
of the applied electric field, and which in turn leads to the generation of an AC
electroosmotic flow due to a viscous force between the moving charges and fluid
elements.
The understanding about the physics of ACEO requires understanding the
polarization of an electric double layer that occurs around an electrode surface. The
polarization affects both the electric potential at the outer edge of the double layer and the
electric potential drop across the double layer. The mechanism can be understood with
Figure 1.4 showing a co-planar electrode system biased with voltage ±V. The applied
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Figure 1.4. AC electroosmotic fluid motion (ACEO) [5]: (a) Schematic diagram of
mechanism for ACEO, (b) Generation of a bulk fluid flow by the interaction of a
tangential component of a local electric field and charges in an electric double layer.
electric potential gives rise to the local electric field E with tangential components Et
outside the double layer and induced charges on each electrode. Then, the charges move
along a force Fq produced by the action of the tangential electric field. This causes the
fluid flow. Figure 1.4 shows the direction of the tangential force over one half-cycle of an
AC electric signal. For the other half-cycle, the force and flow direction remains the same.
The velocity of ACEO depends on the applied electrical frequency. At low AC
frequencies, the ACEO velocity is zero because Et in the electric double layer is zero. At
high AC frequencies, the AC electroosmotic flow is not observed since both the electric
potential across the double layer and the induced charges on the electrode surface are
zero. Therefore, the velocity profile for ACEO has a maximum value at an intermediate
frequency.
ACEO is involved during REP-based manipulation because the gradient of the
local electric field in a fluid resulting from optical heating exists at the electrode surface.
The AC electroosmotic flow is clearly observed, especially when manipulating particles
suspended in a low conductivity solution (σ<1mS/m) at low frequencies (<100 kHz)
using REP [50]. However, it can be ignored at high AC frequencies (>100 kHz) because
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an electrothermal microfluidic flow, one of the AC electrokinetic mechanisms of REP,
overwhelms the AC electroosmotic flow.

1.2.3

Electrothermal Microfluidic Flow

As mentioned in Section 1.2.2, as the applied electrical frequency increases, the
magnitude of the AC electroosmotic flow decreases significantly. However, this does not
mean that fluid flow ceases completely. There is a second type of fluid flow that occurs at
AC frequencies above 100 kHz. It is called electrothermal fluid flow [51-52].
The electrothermal microfluidic flow is an electrokinetic motion of a fluid,
generated by the simultaneous presence of an AC electric field and a temperature
gradient [5, 51, 53-58]. The temperature gradient caused by Joule heating or induced by
external heat sources such as an optical laser results in a non-uniform distribution of
electrical conductivity and permittivity in a fluid. This, in turn, produces an electrical
body force (fe) driving an electrothermal flow on the fluid elements through the
interaction with an applied electric field. The electrical body force is expressed in a timeaveraged manner like Eq. (1.9) [5, 51, 55]:
(1.9)
where Re[ ] refers a real part of the bracket [ ] and ˂ ˃ means time averaged. E is an
electric field and E* its complex conjugate, T temperature, ω indicates applied angular
frequency. σ and ε is the electrical conductivity and permittivity of the fluid, and their
temperature-dependent gradients are denoted by α and β expressed with (1/ε)(δε/δT) and
(1/σ)(δσ/δT) respectively. The first term on the right hand side of Eq. (1.10) is the
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Coulomb force and the second term is the dielectric force. The former is stronger than the
latter at low AC frequencies. And as these two terms act in opposite direction, there
exists a reversal of electrothermal fluid motion at a specific AC frequency range.
During the past 20 years, extensive theoretical investigations have been conducted
to understand the various flow characteristics of an electrothermal fluid motion. Most of
these studies were performed by simplifying the governing equations, i.e. electrical
equation, Navier-Stokes equation and energy equation through several assumptions and
scaling analyses and decoupling them rather than coupling each other. For example, the
energy equation given below describes the generation and dissipation of heat within a
system:
.

(1.10)

Assuming that a liquid flow is in steady state, the first term on the left hand side of
equation (1.10) can be neglected. Further, the second term also can be eliminated from
the equation by applying a scaling analysis to the heat convection term (ρcpu∙ T) and
diffusion term (k 2T). The heat convection term is generally ignored in many situations
in microsystems where the fluid velocity is very slow [52]:
Diffusion term

.

(1.11)

Therefore, the above expression is reduced to
(1.12)
where the H term represents a heat source such as an applied light source. This equation
shows that the fluid motion does not significantly influence the temperature distribution
in the system. In addition, the electric field strength also is independent of fluid velocity.
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These observations enable converting the coupled relation of the governing equations to a
decoupled system.

1.2.4

Particle-Particle and Particle-Electrode Interactions

Particles suspended in a parallel-plate electrode system experience various
frequency-dependent electrokinetic and electrohydrodynamic interactions under the
application of an AC electric field. These interactions bring about the formation of locally
distributed small particle clusters on the electrode surface. Understanding the clustering
process provides an important basis in grasping a physics of REP-based manipulation.
Over the past decade, there have been many studies to investigate these
interaction mechanisms. Trau et al. first observed the electrokinetic colloidal aggregation
in a parallel-plate electrode chamber biased with either DC or AC electric field [50, 59].
The colloidal particles were not only concentrated in a very compact and crystal form but
also layered up to a few particles thick. The formation of the particle clusters is attributed
to local electrohydrodynamic forces that attract the particles toward an electrode surface,
overcoming particle-particle electrostatic repulsive forces.
Nadal et al. experimentally investigated this aggregation process in terms of
particle properties including size and surface charge, applied electric field strength and
AC frequency [3]. They found that at high AC frequencies (>1 kHz) the particle
aggregation at a low packing density was observed while at low AC frequencies the
locally small compact clusters were found on an electrode surface. The process is shown
in Figure 1.5. It presents the frequency-dependent behaviors of colloidal particles on the
surface of an indium tin oxide (ITO) electrode. Initially, the particles have settled on the
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Figure 1.5. Change in particle aggregation with applied AC frequency [3]: (a) No
electric field, (b) E=185 Vcm-1, f=2 kHz and (c) E=185 Vcm-1, f=400 Hz. For this
experiment, latex particles of 1.5µm in diameter were used, and they were suspended
in an aqueous solution of NaOH (10-4 M).

electrode surface as shown in Figure 1.5(a). When an AC frequency of 2 kHz was
provided, the particles were repelled each other (Figure 1.5(b)). When the AC frequency
was decreased to 400 Hz, the particles were aggregated forming compact clusters (Figure
1.5(c)). They asserted that origin of such phenomena is the competition between
attractive electrohydrodynamic forces around the particles and repulsive particle dipoledipole forces. The repulsive force is given by
(1.13)
where r* is the inter-particle distance. As a result of these experimental investigations,
the contact frequency was defined as the frequency at which particles come in contact
each other under the application of an electric field, and it was found to be independent of
the applied electric potential for particles greater than 1.0µm. Another finding of this
work is that particle surface charge did not significantly affect the particle aggregation
process.
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The electrohydrodynamic mechanism causing the particle aggregation is derived
from the perturbation in local electric field produced by the interaction between the
polarized particle and electrode. According to Ristenpart et al. the electrohydrodynamic
force is scaled with the square of electric field strength (|E|2) and the inverse of AC
frequency (ω-1) [60]. This relationship provides a good estimation for the applied AC
frequencies above 500 Hz [61]. The REP technique is typically operated with AC
frequencies greater than 10 kHz. Therefore, the electrohydrodynamic effects can be
ignored during REP manipulation by the above scaling analysis.
Fagan et al. experimentally studied the vertical motion of a single colloidal
particle when it was subject to a uniform AC electric field [61-63]. The forces affecting
the particle movement also were analyzed. They measured the vertical position and
motion of a particle far away from an electrode surface using total internal reflection
microscopy (on the order of 10nm). From these measurements, it was found that the
vertical motion of the particle is governed by the combined effect of van der Waals
attraction, electrostatic repulsion, electrohydrodynamic forces and gravity. Also, a similar
scaling relation with the above particle-particle interaction analysis was obtained for the
vertical forces (fvertical~|E|2/f) [60-61].
The electrokinetic colloidal aggregation can be modulated by patterning an
electrode surface [59, 64-65]. Patterned electrodes can cause suspended particles to be
transported toward high electric field regions and be aggregated there through the
production of a non-uniform electric field. The process involves AC electroosmotic flow
and DEP. Particle aggregation can be modulated by establishing a “virtual electrode” on
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Figure 1.6. Patterning of colloidal particles achieved through the illumination of UV
light on a conducting substrate [2]: (a) Experimental setup for particle assembly and
pattern formation. (b) Scanning electron microscope (SEM) image of the patterned
particle assembly.
the electrode surface. Hayward et al. obtained the patterning of particle aggregation
through the illumination of UV light on an ITO electrode surface (Figure 1.6) [2].
In addition to the studies provided above, various and detailed information is also
found in references [66-75]

1.3

Optoelectronic Tweezers (OET)

Existing AC electrokinetic techniques for particle manipulation are usually driven
by a non-uniform electric field produced by a patterned microelectrode system such as an
interdigitated electrode. The use of the permanently integrated electrodes often limits the
dynamic manipulation of particles needed for transporting, trapping and separation (or
sorting). To overcome this problem, many researchers have studied various methods
which can realize a dynamically configurable electrode on a substrate. Such efforts led to
the emergence of optoelectronic tweezers (OET). OET is a technique that manipulates
colloidal particles using a “virtual electrode” produced by illuminating an amorphous
silicon (a-Si:H) substrate biased with AC electric field. The technique is similar to REP
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in the sense that the simultaneous application of an AC electric field and light is required
for the manipulation. However, the driving principles are completely different. In order to
prevent confusion between these two techniques, this section introduces OET briefly.
REP will be discussed in detail in the following chapter.
OET is a light-actuated electrokinetic manipulation technique. It utilizes ACEO
and DEP for high-resolution manipulation of micro- or nano-sized particles [76].
DEP needs the gradients of a local electric field as a source of the driving. The nonuniform electric field is generally created by integration of the electrodes with
complicated geometry in a chip. Micro-devices with embedded DEP electrodes have been
used for various purposes including cell trapping [77-78], cell separation [79-80] and
electroporation [81]. However despite the extensive application, they often suffered from
the lack of dynamic manipulation ability due to the fixed electrode configuration. It was
partially resolved by the use of individually addressable DEP electrodes [82-84], but still
there exist several problems such as an expensive fabrication cost and a limited trap
density.
OET overcomes these limitations by establishing reconfigurable virtual electrodes
on a photoconductive surface as in Figure 1.7. The OET device consists of an ITO coated
substrate and a multi-layered photoconductive surface (doped n+ hydrogenated
amorphous silicon (a-Si:H), undoped a-Si:H and silicon nitride deposited in regular
sequence on the ITO coated glass surface) [1]. The a-Si:H layer exhibits various electrical
conductivity levels along with the existence and nonexistence of an externally applied
light illumination. When light is not shined on the chip, most of the AC electric potential
drops between the two ITO electrodes occur in the a-Si:H layer and accordingly, there is
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Figure 1.7. Schematic diagram of the Optoelectronic Tweezers (OET) setup [1]. It
consists of an indium tin oxide (ITO) coated glass substrate, and a multi-layered
photoconductive substrate deposited with a n+ hydrogenated amorphous silicon (aSi:H), an undoped a-Si:H, and a silicon nitride layer. The optical patterns are provided
by a Digital Micromirror Display (DMD) on the photoconductor surface.
almost no electric field in the liquid medium. On the other hand, when the
photoconductive surface is locally exposed to light with high enough intensity, the
illuminated region has a markedly higher electrical conductivity (a few orders of
magnitude) than the dark region, due to the generation of charge carriers induced by the
light. Then most of the electric potential drops occur across the liquid, producing the
gradients of a local electric field between the ITO substrate and the virtual electrode. This
enables OET-based particle manipulation by inducing ACEO and DEP in the chip. The
virtual electrode can be reconfigured in various forms along with the patterns of the
applied light [1, 85-88].
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As mentioned previously, OET primarily uses ACEO and DEP for particle
manipulation. However, REP-based manipulation is achieved through electrostatic
colloidal interaction between particle-particle and particle-electrode, and electrothermal
microfluidic flow. This different manipulation mechanism is unique and original to REP,
though the two techniques have similar driving methods.

21

CHAPTER 2. RAPID ELECTROKINETIC PATTERNING TECHNIQUE: NEW
METHODOLOGIES FOR MANIPULATION OF COLLOIDAL PARTICLES IN A
MINIATURIZED FLUIDIC DEVICE

2.1

Overview and Introduction

Precisely and rapidly manipulating colloidal particles at micro- and nano-scales is
essential to the advance of biotechnology including biology, diagnostics, therapeutics and
medical science [89]. It not only increases the efficiency and accuracy of biological/
clinical analyses but also further enables the development of micro-total-analysis-system
(µTAS) where multiple laboratory tasks like sampling, extraction, separation and
handling are integrated. The potential benefits have given rise to the creation of various
manipulation techniques and the application of the techniques to a wide range of research
fields during the past two decades [26-27, 30, 34, 80, 89-106]. However, such efforts also
exposed the limitations of each of the manipulation techniques. For example,
dielectrophoresis (DEP) is the most commonly used electrokinetic manipulation
technique [27, 80, 98-99, 102, 106]. However, DEP basically needs the complicated
configuration and design of a fixed electrode structure, and its integration on a
miniaturized chip by microfabrication processes [26, 89]. Electrophoresis (EP), another
electrokinetic technique, can easily control particles with high separation efficiency, but
it cannot be applied to electrically neutral dielectric particles [93, 97, 100-101]. Besides,
the EP often suffers from poor reproducibility and low sensitivity. Optical tweezers
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(OT)have been utilized in studying single molecules due to its inherent high resolution [4,
90, 92, 94-95, 102]. However, the OT cannot achieve high throughput which is a
prerequisite for the development of a massively parallel analytical system.
Magnetophoresis is regarded as a safe manipulation method for biochemical analysis,
since the involved thermal effects are relatively low compared with the other techniques
[30, 34, 89, 103-105]. But it requires the pretreatment of target particles with magnetic
beads off-chip or the use of magnetic fluids as suspending media for the manipulation.
Hence, the trend in development of a particle manipulation technique is flowing toward
combining different independent techniques so that their respective advantages and
disadvantages can be synergized and complemented each other [4, 35, 89, 91, 96, 107110]. The detailed information of the existing primary manipulation techniques is
summarized in Table 2.1.
Recently, a novel manipulation technique termed rapid electrokinetic patterning
(REP) was suggested by Williams et al.[9]. The technique utilizes the simultaneous
application of an external AC electric field and a laser illumination for particle
manipulation [4, 7, 111]. Williams et al. carried out particle manipulation in a variety of
forms using REP (Figure 2.1) [9]. In a low frequency regime (<200kHz), micron-sized
particles were trapped and configured into various shapes on the electrode surface by
holographic optical landscapes provided from a laser (λ~1064nm). In addition, diverse
particles including gold particles (200 and 250nm), silica particles and polystyrene
particles (50nm to 3µm) have been successfully aggregated, and the particle clusters were
translated across the electrode surface by dynamically controlling the laser location [7,
36]. These abilities of REP offer significant benefits to lab-on-a-chip (LOC) systems
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Figure 2.1. REP-based particle manipulations. (a) REP˗based aggregation. The
applied electrical signal and laser power is 7.5kHz, 8.3Vpp and 20mW respectively. (b)
REP˗based patterning using multiple laser illuminations. The electric field of 4.6kHz
and 3.8Vpp was applied and the laser power of 40mW was supplied to the chip. (c)
REP˗based trapping in the continuous flow of a suspending medium. The applied
electrical signal and laser power is 5.0kHz, 10.5Vpp and 40mW respectively. (d)
REP˗based patterning using a “L”-shaped laser illumination. The applied electric field
is 1.6kHz and 2.0Vpp, and the laser power is 20mW. (e)˗(f) REP˗based translation. It
was achieved by moving a laser illumination under a uniform electric field. The
electric signal of 1.6kHz and 2.0Vpp and the laser of 20mW were applied to the chip.
(c)-(f) [9].
devised for biological or chemical analysis. The rapid aggregation and precise patterning
allows the systems to conduct the analysis on high accuracy and throughput [4, 7, 9]. And
the high resolution and dynamic controllability of the technique (Table 2.1) improves the
sensitivity and monitoring ability of biochemical sensors [7, 36]. With the recognition of
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these advantages, many efforts to advance REP technique are currently being attempted
for the development of novel biochemical diagnostic devices for biological assays [8] and
the improvement of surface enhanced Raman spectroscopy (SERS) [112].
However, these applications are still in their early stages. In order to effectively
leverage REP for new applications, the physical understanding of the technique must be
supported first. Therefore, this chapter briefly introduces the underlying principles of
REP and various particle manipulation forms achieved by the technique. Besides, the
technical aspects required for REP operation are provided in detail.

Table 2.1. Summary of particle manipulation techniques, characteristics, limitations, manipulation resolution, and references.
Manipulation
technique

Dielectrophoresis
(DEP)

Electrophoresis
(EP)

Characteristics

Limitations

• Manipulation of dielectric/
conductive particles using a nonuniform electric field (electric field
gradients)
• Dependence on relative
polarizability of a particle with
respect to surrounding medium
(related to particle size, permittivity,
and conductivity of a particle and a
suspending medium)

• Demanding the design and use of a
complicated electrode structure, and
it integration on a small chip by
microfabrication technique
• Accuracy of manipulation limited by
the performance of DEP electrodes
• Decrease of DEP force along with
the decrease in particle size
• Risk of damage on bio-particles due
to high electric field gradients

• Manipulation of charged particles
using a DC electric field
• Dependence on permittivity and
size of a particle and viscosity of a
suspending medium

• Low particle migration speed
• Manipulation method only for
charged particles
• Narrow application range, e.g.
particle purification and separation

Manipulation
resolution

References

[26-27, 80,
Medium
(~1µm)

89, 98-99,
102, 106]

[93, 97,
High
(~100nm)

100-101]
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Table 2.1: Continued.

Optical tweezers
(OT)

• Particle manipulation by concerted
action of light radiation pressure
and photophoretic force
• Extensive use for particle transport,
sorting, and characterization
• Dependence on particle size,
volume, permittivity of a particle
and a suspension, optical
wavelength, and intensity gradients

• Generation of excessive thermal
heating due to high intensity of an
optical beam
• Inappropriateness to bio-particles
due to risk of damage by heat
absorption from optical waves

Acoustophoresis

• Particle manipulation by acoustic
forces
• Particle separation based on size,
density, and compressibility
• Dependence on magnitude and
frequency of acoustic waves, size,
and elasticity of a particle and a
surrounding liquid

• Ineffective manipulation for nanosized particles
• Difficulty in integrating an acoustic
wave resonator into microfluidic
structure

[4, 90, 92,
High
(~50nm)

94-95, 102]

[31-32,
Low
(~100µm)

102, 113]
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Table 2.1: Continued.

Magnetophoresis

• Motion of particles by magnetic
field gradients
• Non-invasive and safe technique
for bio-colloids like bacteria and
viruses
• Dependence on magnetic
susceptibilities of a particle and a
suspending medium, particle
volume, and applied magnetic field
gradients

• Agglomeration of magnetic particles
in on/ off-magnetization sequence
• Limitation to particles that are
magnetic or have some magnetic
content

Medium
(~1µm)

Hydrophoresis

• Particle manipulation by
hydrodynamic drag force in laminar
flow regime
• Extensive use for sheath and
sheathless focusing of particles
• Dependence on particle size,
viscosity, and flow rates of a
suspending medium

• Demanding the design and use of
complicated microchannels
• Manipulation sensitive to the change
of microchannel dimensions and
fluid flow rate

Low
(~10µm)

[30, 34, 89,
102-105]

[102, 114116]
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Table 2.1: Continued.

Rapid
electrokinetic
patterning (REP)

• Manipulation by electrokinetic
forces resulted from the
simultaneous application of an AC
electric field and a light illumination
• Rapid manipulation (< 1sec), and
dynamic controllability by the
• Restriction on the use of a high
change of an illumination location
conductivity electrolyte (σ >
under AC electric field.
500mS/m) as a suspending medium
• Technical versatility for particle
due to strong Joule heating effect
manipulation, e.g. aggregation,
patterning, trapping, separation, and
sorting.
• Dependence on particle size,
permittivity and conductivity of a
particle and a suspending medium.

[4, 6-9, 35High
(~50nm)

36, 109]
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2.2

Physics for Opto-Electrokinetic Technique

REP is a hybrid manipulation technique, in the sense that it requires the
simultaneous application of a uniform AC electric field and laser illumination for particle
manipulation [4, 36]. In REP, the uniform AC electric field induces interfacial
polarization of particles suspended in a fluid and generates an electrohydrodynamic
(EHD) fluid flow near the polarized particles and an electrode surface [4, 7, 36]. The
optical illumination produces a non-uniform temperature distribution in a fluid, in order
to create a toroidal electrothermal flow under the presence of an applied electric field [5,
10, 51, 56, 107-108, 117-118]. When the physical phenomena caused by the two driving
sources are simultaneously present in a microfluidic chip, the particle manipulation by
REP is achievable. The hybrid nature of REP technique is experimentally demonstrated
in Figure 2.2. When a uniform AC electric field and laser illumination is supplied to a
chip at the same time, particle aggregation is initiated on the electrode surface (Figure
2.2(a)). The assembly can happen on either electrode surface depending on the position
where the laser is focused. However, when the laser is deactivated, the particles in the
assembly are immediately scattered on the electrode surface and no particle clusters are
observed (Figure 2.2(b)). Whereas, when the electric field is turned off, the particles are
carried away from the electrode by a natural convection induced from the laser heating
(Figure 2.2(c)). This shows that REP technique cannot be performed with the sole
application of either the uniform electric field or the optical laser illumination.
As mentioned previously, REP-based manipulation is accomplished by several
primary electrokinetic mechanisms produced from the simultaneous application of a
uniform AC electric field and laser illumination: (1) interfacial polarization of particles,
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Figure 2.2. Hybrid characteristic of REP technique. Each figure consists of a
schematic and an experimental image to describe and demonstrate the REP nature. The
used particles are 1µm polystyrene beads. (a) Particle aggregation caused by the
simultaneous application of a uniform AC electric field and a laser illumination. (b)
Irregular configuration of particles appearing when only the laser is turned off during
the REP process. (c) Convecting away of particles occurring when only the electric
field is deactivated during the REP process [6].
(2) an EHD flow and (3) an electrothermal flow. The interfacial polarization in an
electric double layer (EDL) of particles appears by the interaction of their surface charges
and an externally applied AC electric field, and it is typically characterized with
Maxwell-Wagner relaxation frequency (M-W frequency) [4-5, 7]. In the frequency region
below the M-W frequency, positive and negative charges of particles are completely
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separated, forming dipole moments which result in a constant lateral repulsive force
between the particles once they are on the electrode surface [5]. At higher frequencies
than M-W frequency, the charges do not have enough time to move in response to the
applied electric field and hence, the dipole moments and further the interfacial
polarization do not occur. In addition to the interfacial polarization, a recent study by
Kumar et al. demonstrated the existence of another relaxation mechanism in the
frequency band. They found out using Delaunay triangulation that the repulsive force
decreases along AC frequency in the region of below M-W frequency [4]. This
anomalous phenomenon is attributed to a non-equilibrium EDL polarization process of
particles [60], and it has a close relationship with the surface charge density of particles.
Meanwhile, an EHD flow is driven by the mutual attraction between an external electric
field and ions in a fluid, and is characterized by the square of electric field strength (

)

and the inverse of electrical frequency (ω-1) at the frequencies above 500 Hz [60].
According to Fagan et al. and Green et al.’s studies, the EHD flow occurring in these
frequencies affects the horizontal and vertical motion of particles on an electrode surface
[60-64, 67, 73]. When particles are subject to the flow, the EHD-based drag force collects
the particles laterally while lifting them vertically and slightly from the electrode surface.
An optical laser produces a symmetrical non-uniform temperature distribution
with respect to its optical axis in a suspending medium [4-5, 119]. Kumar et al.
demonstrated experimentally using a single dye-based laser induced fluorescence (LIF)
technique that a highly focused laser beam shone on an electrode surface can cause
highly localized temperature gradients in a fluid through heat transfer from the heated
electrode surface to the fluid (Figure 2.3(a)) [4]. For a laser power of 150mW, the
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Figure 2.3. (a) Temperature gradient (°C) on an ITO electrode surface generated by a
1064 nm near-infrared laser. Applied laser power is 150mW and the focus of the laser
is positioned at the origin (0, 0) [4]. (b) Visualization of a toroidal-shaped
electrothermal flow by a three dimensional wave-front deformation particle tracking
velocimetry (PTV) technique [10].

absolute temperature change near the beam is not large (~10K), but its spatial gradient
can be significant (~105K·m‒1) [4, 119]. Such temperature variation induces a gradient in
density, permittivity and conductivity of the fluid. While the density gradients cause a
natural convection, the gradients of electrical permittivity and conductivity generate an
electrothermal flow under an applied electric field. The natural convective flow is
generally negligible in a system where electric forces exist. Hence, the primary flow
responsible for particle transport in REP process is an electrothermal flow [27, 80, 96-98,
108, 120]. The flow is governed by a time-averaged electrical body force (fe) given in
equation (2.1) and has a toroidal flow structure due to an axisymmetric non-uniform
distribution of the force in a fluid (Figure 2.3(b)) [10]:
(2.1)
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where Re [ ] represents a real part of the bracket term [ ]. E is an electric field, E* its
complex conjugate, T temperature, ω applied angular frequency, σ and ε is electrical
conductivity and permittivity of a fluid respectively. α is (1/ε) (∂ε/∂T) and β is (1/σ)
(∂σ/∂T). The first and second term in right side of the equation is Coulomb force and the
dielectric force respectively, and the latter outranks the former at AC frequencies much
higher than a liquid charge relaxation frequency. Meanwhile, Joule heating also could be
considered as a heat source affecting the temperature distribution in a fluid. But it cannot
induce the large temperature gradients such as shown in Figure 2.3(a), because the
electric field is uniform. Therefore, the thermal field for REP operation is produced by
the optical laser, and it drives an electrothermal fluid flow which carries particles toward
the illuminated region, in the interaction with an applied electric field.
The relationship among the physical mechanisms involved in REP technique can
be understood with Figure 2.4(a). When a uniform AC electric field is applied to the chip
containing a suspension of colloidal particles, the positive and negative charges inside the
particles form dipole moments, reacting to the applied electric field and the polarized
particles are attracted toward the electrode surface by an EHD fluid flow. On the
electrode surface, they experience a lateral repulsive force due to their dipole-dipole
interaction (

) and a vertical attractive particle-electrode force resulted

from the effect of image charges (
lateral and vertical movement of the particles (

). The EHD flow also affects the
&

). The competition and

balance of the attractive and repulsive forces produces irregular distribution
configurations of particles on the electrode surface biased with an AC electric field. The
additional application of a laser generates a strong electrothermal microvortex. While the
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Figure 2.4. Physical description of REP technique. (a) Various forces exerted on
particles in REP˗based aggregation.
and
denote the
electrokinetic forces existing between particles, and between the particles and an
electrode respectively.
and
are the attractive electrohydrodynamic
forces locally gathering particles each other onto the electrode.
and
are the electrothermal drag force transporting particles toward the illumination region
across the electrode surface. (b) Dependence of a critical AC frequency on particle
size for special case of constant surface charges (
). The critical frequency is
defined as the minimum AC frequency where particles cannot be manipulated by REP
any more [4].
lateral component of the resulting electrothermal drag force (

) carries the particles

toward the center of the illumination site, the vertical electrothermal component
(

) competes with both the attractive particle-electrode force and vertical EHD

35
force. When the vertical forces (

and

) balance each

other at a certain AC frequency (<200 kHz), the particles transported by the lateral
electrothermal force are aggregated at the illumination region on the electrode. However
as the electrical frequency increases, the REP cluster becomes unstable and accordingly,
the number of particles in the cluster also gradually decreases [4, 7, 36]. When the
frequency is further increased, the particles are not collected in the illumination region
any more and are swept away by the strong electrothermal flow. The instability of the
REP cluster is attributed to the unbalance of the vertical forces, which is resulted from the
polarization change in EDLs of the particles, and it implies that there exists a critical
point for stable operation of REP technique in applied AC frequency range. The point
termed a critical frequency ( ) varies with surface charge density of particles (

),

and for the special case of constant surface charges, it is scaled as the inverse of particle
diameter squared (

) (Figure 2.4(b)) [4]. This characteristic is very useful for

separating or sorting colloidal particles. Detailed information of REP mechanisms
including the critical frequency is available in references [4, 7, 9-10, 35-36, 109, 117].

2.3

Methodology for Operation of Opto-Electrokinetic Technique

REP technique generally is realized in a simple microfluidic chip structure
(Figure 2.5) [4, 7, 9, 111]. The chip consists of two parallel plate electrodes and several
chambers including an inlet/ outlet reservoir and a microchannel. A pair of electrodes has
been mostly constructed with transparent indium tin oxide (ITO) glass slides or cover
slips for the convenience of experimental observation, imaging and laser irradiation.
However, because the ITO material has a high electrical resistance, more traditional
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Figure 2.5. Microfluidic setup for realization of rapid electrokinetic patterning (REP)
technique. The chip consists of microfluidic chambers sandwiched between two
parallel-plate electrodes. The top and bottom electrodes are made from an indium tin
oxide (ITO)-coated glass substrate and cover slip, and are transparent for illumination
and target particle observation. During experimentation, an AC electric field is
supplied from a function generator and an optical illumination is provided from a
Nd:YVO4 laser (λ~1064 nm) [8].
conductors like copper, gold and chrome-coated electrode also may be used in the chip.
The electrodes are combined with an insulating spacer patterned for the chambers
mentioned previously, and hence the lid and base of the chambers are exposed directly to
the ITO electrode surfaces. The patterning of the spacer can be not only realized on a
commercial adhesive double side tape with a razor but also fabricated precisely on
polymers such as PDMS by microfabrication techniques.
As an electrical signal for REP technique, AC frequencies below 200 kHz are
used [28, 30, 32-33]. Higher frequencies relax the interfacial polarization of particles and
eventually reduce the effectiveness of REP operation. As an illumination source for REP
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process, a near infrared (NIR) laser (λ~1064 nm) has often been used [7, 9, 35-36]. Its
use is attributed to the strong optical/ thermal energy which can create rapid temperature
gradients in a fluid. However the illumination source may be replaced with optical lasers
or diodes of different wavelength, depending on a conductive coating material on the
electrode where a light is focused. This feature is significant as it allows REP to be
replicated at different optical wavelengths, provided that a proper combination of
electrode material and laser wavelength is chosen to generate the necessary opticallyinduced temperature gradients [35]. The laser is typically provided in the form of a single
or multiple spots through a hologram produced from a spatial light modulator (SLM),
being focused by a high numerical aperture (N.A.) objective lens.
The suspensions used for REP until now have been mostly deionized water (DI)
water (σ < 10‒5 S/m) or low conductivity electrolytes (σ < 50mS/m) [4, 7, 9, 36, 109]. In
the case of using a high conductivity electrolyte (σ > 500mS/m), strong Joule heating can
occur on the electrode surface biased with an AC electric field and it not only results in
the adhesion of suspended particles on an electrode surface but also further obstructs REP
operation [5, 51, 56-58]. However in order to find more diverse applications, ultimately
REP should be adapted to particles suspended in higher conductivity solutions. For
instance, in biochemistry which is one of the most promising applications for REP, most
of bio-particles like bacteria and viruses are suspended in higher electrical conductivity
solutions [121-123].
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2.4

Current Attempts for Science and Engineering Application of Opto-Electrokinetic
Technique
During the short span of its development, REP technique has been applied to

many research fields for various purposes [4, 8, 112, 124]. Recently, Kumar et al.
suggested a novel force spectroscopy which is based on REP and Delaunay triangulation
method (Figure 2.6) [4, 124]. They utilized REP for repetitive aggregation/ disintegration
of particles (Figure 2.6(a) and (b)) and analyzed the electrokinetic forces existing
between the particles by tracing the change of an ensemble-averaged inter-particle

Figure 2.6. REP-based force spectroscopy. (a) Particle aggregation by REP technique,
(b) Disintegration of the particle cluster by deactivation of an optical laser in REP
process, (c) Measurement of the repulsive forces between the polarized particles using
Delaunay triangulation method [4].
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Figure 2.7. Size-based sorting of like particles by REP. (a) Aggregation of 0.5μm,
1μm, and 2.0μm polystyrene particles at 38kHz. (b) Aggregation of 1μm and 0.5μm
polystyrene particles at 80kHz. As the frequency was increased from 38 kHz, 2.0μm
particles were separated by an electrothermal flow from the cluster. (c) Aggregation
of 0.5μm polystyrene particles at 106kHz. The increase of the AC frequency up to
106kHz resulted in aggregation of only 0.5μm particles. (d) Maximum trapping
frequency for different sized polystyrene particles. It shows second order polynomial
fit in agreement with theory [7].

distance with time using Delaunay triangulation scheme (Figure 2.6(c)). As a result,
Kumar et al. proved that particles experience not only interfacial polarization but also
non-equilibrium EDL polarization at AC frequencies below 200 kHz.
REP was also applied to separate micron-sized colloids [7]. Figure 2.7 shows
successive separation of 0.5, 1 and 2µm polystyrene particles. The separation was
achieved by increasing an applied AC frequency from 38 kHz to 106 kHz. REP was also
used for separating unlike particle populations (Figure 2.8). Williams et al. separated
1µm polystyrene and silica particles by varying an applied AC frequency from 90 kHz to
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Figure 2.8. EDL polarization-based sorting of unlike particles by REP. The unlike
particles are fluorescent polystyrene and non˗fluorescent silica particles of 1.0μm in
diameter. (a) Aggregation of the polystyrene beads formed by laser power of 23mW
and electric signal of 19.8Vpp and 150kHz. (b) Simultaneous aggregation of the two
beads. When the frequency was reduced to 90kHz, both the polystyrene and silica
beads were trapped together [7].

150kHz. These separations can be understood with the critical frequency of REP,
originating from the combination of M-W interfacial polarization and non-equilibrium
EDL polarization [4-5, 125]. The critical frequency is the minimum AC frequency where
particles can no longer manipulated by REP, and depends on the surface charge density
of particles [4]. Therefore, in the case of applying the technique to particles with similar
surface charge, they can be separated by the size dependence of REP critical frequency.
This is confirmed in Figure 2.7(a)~(c) showing that the bigger particles are separated
earlier from the particle assembly than smaller particles due to their lower critical
frequency. Meanwhile, when the technique is used for the separation of unlike particles,
the particles can be sorted according to their surface charges, as shown in Figure 2.8. The
separation experiments attempted by Williams et al. show that REP is a useful tool for
selective separation and sorting of colloidal particles.
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2.5

Future Opportunities and Conclusion

REP is a new particle manipulation technique which utilizes the concerted action
of electrical and optical energy. The various potentials and capabilities shown in previous
publications give the technique sufficient possibility for further promising development.
An enormous advantage of REP technique is a rapid aggregation and patterning of
micro- or nano-sized colloids. It enables the development of not only high-sensitivity
biochemical sensors but also further high-performance biological assay systems.
Additionally, the laser used to induce a non-uniform temperature distribution in a fluid
can be replaced with more compact illumination sources like light-emitting diodes (LEDs)
and accordingly, the development of more portable microfluidic devices for biochemical
analysis are possible.
An electrothermal flow, one of REP mechanisms, can be induced anywhere in a
chip by dynamically controlling laser location in the presence of an applied electric field.
This not only can improve the performance of a mixing device for on-chip sample
pretreatment but also possibly may be able to offer a new working scheme to an existing
EHD-based microfluidic pump.
REP has been typically realized in a microfluidic chip biased with a uniform AC
electric field. If REP is combined with complicated electrode structures which create a
non-uniform electric field like an interdigitated electrode system for DEP, new physical
phenomena which were not discovered previously may be encountered and which in turn
may open a new chapter of fundamental and applied researches in interface and colloidal
science.
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REP involves complex multi-physical phenomena derived from the simultaneous
use of an AC electric field and a light illumination. Up to the present, many attempts have
been made for a complete understanding of REP, but still extensive researches on
theoretical modeling and experimental analysis are required. A continuous supply of new
ideas on REP physics by such efforts will motivate the discovery of additional REP
applications in more various research fields.
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CHAPTER 3. OPTICALLY MODULATED ELECTROKINETIC MANIPULATION
AND CONCENTRATION OF COLLOIDAL PARTICLES NEAR AN
ELECTRODE SURFACE

3.1

Overview and Introduction

The ability to manipulate colloidal particles rapidly and precisely at micro- or
nano-scale is essential to the advance of not only natural sciences including biology and
chemistry, but also a broad range of engineering technologies. It offers enormous
advantages to development and improvement of various assays by enabling the detailed
investigation of materials existing in the natural world. As micro-electro-mechanical
systems (MEMS) techniques have matured, the recognition about the advantages has led
to the suggestion of various tools for micromanipulation and their integration on a lab-ona-chip (LOC) platform. Especially, the diversity of AC electrokinetic phenomena has
caused it to acquire a prominent position among the various technological tools that exist
nowadays for the manipulation of colloidal particles [126-127]. While complex electrode
configurations can be employed for such applications [128-129], the assembly of microand nanoparticles is also achievable with an even simpler parallel uniform electrode
structure [50, 59, 65, 130-134]. Electrokinetic colloidal aggregation within this electrode
configuration has found extensive applications [14, 135], including concentration of
nanoparticles [134, 136] and biological cells [137-138]. In addition, optical modulation of
colloidal assemblies in such a simple system has been attempted either through the use
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Figure 3.1. Illustration of particle accumulation using the REP technique. An
electrothermal microfluidic vortex transports particles rapidly to the illuminated
region on the electrode surface. The particle cluster is formed on the electrode surface
and can be translated to a desired location simply by changing the spatial location of
the illumination.
of a broad ultraviolet (UV) illumination source or through the use of focused laser beam
(532nm) that has the capability to scan various spatial patterns [139].
Recently Williams et al. [9] developed a novel non-contact optically modulated
technique for the manipulation of micro- and nano-particles on an electrode surface,
termed rapid electrokinetic patterning (REP) technique. This technique employs a simple
structured microfluidic chip consisting of two parallel electrodes. The optical landscape is
provided by holograms generated from an infrared (1064nm) laser (Figure 3.1). They
demonstrated experimentally that in a low AC frequency regime (<200 kHz), particles
could be dynamically configured into various shapes by the use of holograms generated
from a spatial light modulator (SLM). REP is primarily an electrokinetic technique in the
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Figure 3.2. Aggregation of 1μm red fluorescent particles by REP technique. Note that
the REP-based cluster is several times bigger than the size of the optical landscape.

sense that optically modulated electrokinetics serve to rapidly transport particles to the
illuminated locations on the electrode surface [7], leading to particle aggregation (Figure
3.2). The particle aggregation by REP technique is localized at and around the region of
illumination and such nature allows for dynamic manipulation by REP as the particle
clusters can be translated across the electrode surface by either moving the stage or
‘blinking’ the illumination from one location to the next. Initially, Williams et al. [36]
showed successful manipulation of colloidal particles ranging from 300 nm to 3.0 µm in
diameter. However in this paper, REP has demonstrated an ability to concentrate
polystyrene nano-particles as small as 50 nm using relatively low optical powers and
electrical voltages compared to optical tweezers and dielectrophoresis, respectively [36,
109]. The dynamic nature and versatility of REP makes the technique a promising
manipulation tool.
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Electrothermal hydrodynamic drag and electrokinetic mechanisms such as dipoledipole repulsive forces enables the operation of REP technique. In order to carefully
explore the mechanisms that cause a stable particle cluster by REP, it is necessary to
understand the temperature gradients that affect not only the electrothermal flow but also
other contributing electrokinetic forces involved in REP. Williams et al. [9] emphasized
the role of electrothermal flows in the rapid transport of particles towards the illuminated
regions on the electrode. Kumar et al. [117] performed detailed flow visualization
experiments to characterize the electrothermal fluid flow and found that it resembled a
“source-type” flow in a transverse plane close to an electrode surface, which transports
particles toward an illuminated region. The “source-type” flow near the electrode is
caused by a three-dimensional toroidal fluid flow that extends between the two electrodes.
While Kumar et al. [117] found agreement with the theory of electrothermal flows, the
optically induced temperature (T) field has not been determined yet. The temperature
field would determine the strength of electrothermal flow and hence the magnitude of the
force dragging particles in REP manipulation. While the temperature profile is yet to be
determined, other forces in a REP-based particle cluster are neither fully understood nor
have they been properly quantified. The forces other than an electrothermal flow are
expected to have a complex dependence on the electric field, and that dependence needs
to be quantified so that the comprehensive understanding about REP mechanism
phenomenon can be achieved.
In this work, we expand on the initial investigation of REP and attempt to
understand the roles of the laser illumination and electric field. We show that the laser
illumination gives rise to a localized temperature field. The temperature field created by
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the near infrared laser is measured by a laser induced fluorescence (LIF) thermometry.
We show that very high temperature gradients are created by laser heating of the ITO
substrate. We also show that for a low conductivity medium (2.0 mS/m), the fluid drag
due to the electrothermal microvortex is the dominant force that acts against repulsive
force between the polarized colloidal particles. By studying dynamical behavior of REP
aggregations of 1.0 µm polystyrene particles with high-speed videography, we were able
to quantify the dependence of this net repulsive force on the electric field. This repulsive
force decreases with AC frequency, suggesting the presence of a relaxation mechanism,
which previously has not been explored in the context of particle aggregation in such a
system. Moreover, we demonstrate experimentally that, as a consequence of the toroidal
electrothermal microvortex, REP is characterized by the existence of a critical frequency.
We also show that for similar particles (carboxylate-modified polystyrene particles), this
critical frequency is dependent on particle diameter.

3.2

Materials and Methods

A microfluidic chip in conjunction with an optical system capable of producing
highly focused infrared illumination (1064 nm) serves as the primary experimental setup.
Subsequently, different aspects of the REP process are studied with techniques such as
LIF thermometry and Delaunay triangulation. The experimental methods adopted in this
investigation are explained in detail in the sub-sections that follow.
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3.2.1

Chip Preparation

The microfluidic chip consists of a microfluidic chamber sandwiched between
two parallel-plate electrodes. An indium tin oxide (ITO)-coated glass cover slip (SPI
Supplies Inc., PA), 170 µm thick, was used for the bottom electrode, while the top
electrode was made either from sputtered gold and chrome (Au 150 nm/ Cr 50 nm) or
from an ITO-coated glass substrate. The microfluidic chamber had a height of ~50 µm,
and it was constructed from a spacer material with millimeter sized channels. The
experimental area was far from channel sidewalls to avoid any wall-based distortion of
the local electric field. An AC signal was applied to the parallel-plate electrodes,
resulting in a uniform electric field in the experimental area. For the chip geometry
described above, REP typically requires an AC voltage (V) of less than 20 Vpp (volts
peak-to-peak) and an AC frequency (f) of less than 200 kHz.
Prior to experimentation, the microfluidic channel was filled with an aqueous
solution of potassium chloride (KCl) of desired conductivity and left for about 10 hrs.
Subsequently, the channel was purged of this solution, and the prepared sample solution
was injected into the channel manually.

3.2.2

Illumination System

An inverted Nikon TE2000U microscope equipped with a Nikon objective lense
was used for visualization. A focused laser beam with a wavelength of 1064 nm provided
from a Nd:YVO4 laser served as the source of the optical landscape for REP. The
microscope objective lens was used to focus the laser and view the fluorescent
polystyrene beads. Unlike the study of Williams et al. [9], holographic optical landscapes
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are not required in the scope of the present investigation. Only a simple focused laser spot
was provided as the optical landscape. Laser power values (P) stated in the text refer to
the total laser power measured before it reaches the microscope objective lens. For
viewing of beads, an epi-fluorescent filter cube (Nikon TRITC HYQ) was employed, and
the fluorescent excitation was achieved by a 120 W lamp (X-cite 120, Exfo, Quebec,
Canada).

3.2.3

Particle Preparation

Red fluorescent carboxylate-modified polystyrene particles (Invitrogen, MD) of
four different sizes (2.0, 1.0, 0.5, and 0.1 µm) were utilized for the purpose of this study.
Initially aqueous potassium chloride (KCl) solutions with electrical conductivity (σ) of 2
mS/m were prepared and individual dilute particle solutions for the four different beads
were prepared by mixing 50 µL of the 2% solids particle solution with 10 mL of the KCl
solution of desired conductivity. The solution conductivity values contained herein refer
to the measured conductivity of the aqueous KCl solution prior to mixing.
For the nanoparticles (0.1 µm red fluorescent carboxylate-modified polystyrene
particles), a dilute sample was prepared by mixing 100 µL of the 2% solids particle
solution with 10 mL of the KCl solution (σ=2 mS/m) made initially. At this time, a
slightly higher concentration of the nanoparticles was used to overcome the weak
fluorescence at these length scales.
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3.2.4

Video Microscopy

Video microscopy was employed to analyze the dynamics of the particles in REPbased cluster under various experimental conditions. Two different cameras were used,
depending on the type of experiment being conducted. For high-speed video microscopy,
the HotShot 512 (NAC, CA) camera was utilized. The camera is a digital high-speed
video system with a maximum pixel resolution of 1280×1024 and a pixel pitch of 16
μm×16 μm. The HotShot was used to acquire particle images at 250 frames per second
(fps). For the other cases including visualization of the nanoparticles, a camera with high
quantum efficiency and low read-out noise (PCO.1600, Cooke Corporation, MI) was
used. The camera has a maximum pixel resolution of 1600×1200 and a pixel pitch of 7.4
µm×7.4 µm. A Nikon 100 oil-immersion lens (1.3 numerical aperture, NA, and 0.16 mm
working distance) was used for all experiments discussed in this paper.
For 1.0 µm particles, the study about their REP clustering is initialized by
focusing the near infrared laser through a Nikon100 objective lens on the bottom ITO
surface and creating a stable REP aggregation. Subsequently, each particle center in the
aggregation is identified. Particle centers in the acquired images are determined using a
MATLAB adaptation of the IDL particle tracking software developed by Grier, Crocker,
and Weeks. The code adapted by Blair and Duffresne is freely available for public use
[140]. Based on the identified particle locations, the topological structure of the REP
cluster is analyzed by Voronoi and Delaunay triangulation method. These methods have
been widely applied to the analysis of the packing structure of particles, as they can
provide detailed information such as the proximity of individual particles to neighboring
particles [141-142]. For a particle aggregation, a Voronoi diagram defines a partitioning
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Figure 3.3. Delaunay triangulation of the paticle cluster shown in Figure 3.2. The
Delaunay triangulation method is used to calculate the ensemble averaged interparticle distance in a REP cluster. The scale bar in the image represents 5µm.
of space where each particle is assigned a Voronoi cell corresponding to the region of
space closest to a given particle and the Voronoi cells describe the arrangement of all the
neighbors of the particle. Delaunay triangulation is related to the Voronoi diagram
through the principle of duality, and each triangle in Delaunay triangulation mesh is
useful in quantifying the properties related to the proximity of particles. For the analysis
performed here, the particle centers serve as vertices of the Delaunay triangles and the
triangulation itself is achieved through the implementation of QHULL algorithm (Figure
3.3) [143]. The detailed information about Voronoi and Delaunay triangulation methods
is found in the following section.
We apply these two methods to analyze how much particles are packed in REP
clusters and to observe how their spatial compactness is changed along with the
experimental parameters. The Delaunay mesh is used to calculate the nondimensionalized ensemble averaged inter-particle distance, which is defined as
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Figure 3.4. Procedures for analysis of packing structure of particles in a REP cluster.
(a) Workflow of Matlab in-house code developed for the study, (b) Definition of an
ensemble average inter-particle distance for characterization of a REP cluster.

(3.1)
where a denotes the particle diameter, li is the length of the Delaunay triangle edges
representing a distance between particles, and n is the total number of the edges. All the
analysis processes described above, that is, loading of a raw particle image (8 bit),
identification of the particle centers in a REP cluster, partitioning of the particle cluster
by Voronoi method, formation of Delaunay triangles on the Voronoi diagrams and
calculation of ensemble averaged inter-particle distance for structural characterization of
the REP cluster, are automatically performed by Matlab-based in-house code developed
for this study (Figure 3.4).
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3.2.5

Voronoi and Delaunay Triangulation Method

Voronoi diagrams and Delaunay triangulations are methods to construct and
analyze geometric data, basing on the notion of proximity [141, 144-145]. Many
differential properties of curves and surfaces are defined on local neighborhood. Voronoi
diagram offers a tool to approximate these neighborhoods in the discrete domain.
3.2.5.1 Voronoi Diagram
Let P be a set of points in the plane R2. The Voronoi diagram of P denoted by VP
is a collection of sub-Voronoi cells Vp for each point pP, where
.

(3.2)

Vp is the set of all points in the plane that are closer or at least equidistant to p than any
other point in P. Figure 3.5(a) shows a Voronoi diagram of a point set in the plane R2.
For any two points p and q, the set of points closer to p than q are marked by the
perpendicular bisector of the segment pq. This means that Voronoi cell VpVP is the
intersection of half-planes determined by the perpendicular bisectors between p and each
other point qP. Therefore each Voronoi cell is a convex polygon, since the intersection
of convex sets remains convex.
Voronoi cells have Voronoi faces of different dimensions. A Voronoi face F of
dimension k is the intersection of 3-k Voronoi cells. This means a k-dimensional Voronoi
face for k<2 is the set of all points that are equidistant from 3-k points in P. A zero
dimensional Voronoi face called Voronoi vertex is equidistant from three points in P,
whereas one dimensional Voronoi face called Voronoi edge contains points that are
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Figure 3.5. Voronoi diagram and Delaunay triangulation of a point set in the plane.
equidistant from two points in P. A Voronoi cell is a two dimensional Voronoi face. In
Figure 3.5(a), u and v are Voronoi vertices and uv is a Voronoi edge.
Some of the Voronoi cells may be unbounded with unbounded edges. It is a direct
consequence of the definition that a Voronoi cell Vp is unbounded if and only if p is on
the boundary of the convex hull of P. In Figure 3.5(a), as p and q are on the convex hull
boundary, Vp and Vq are unbounded.

3.2.5.2 Delaunay Triangulation
There is an associated dual structure to Voronoi diagram VP called the Delaunay
triangulation denoted DP. Formally we define DP as a simplicial complex, where
.

(3.3)

k+1 points in P form a Delaunay k-simplex in DP if their Voronoi cells have non-empty
intersection. We know that k+1 Voronoi cells meet in a (2-k)-dimensional Voronoi face.
So, each k-simplex in DP is dual to a 2-k dimensional Voronoi face. Thus, each Delaunay
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triangle pqr in DP is dual to the Voronoi vertex where Vp, Vq and Vr meet; each Delaunay
edge pq is dual to a Voronoi edge shared by Voronoi cells Vp and Vq, and each vertex p is
dual to its corresponding Voronoi cell Vp. In Figure 3.5(b), the Delaunay triangle pqr is
dual to the Voronoi vertex v and the Delaunay edge pr is dual to the Voronoi edge uv.
Dual Voronoi vertices of Delaunay triangles are equidistant from its three vertices.
This means that the circumcenter of a Delaunay triangle coincides with the dual Voronoi
vertex. It implies that no point from P can lie in the interior of the circumscribing circle
of a Delaunay triangle. These circles are called empty. The converse also is true. The
triangle emptiness property of Delaunay triangles also implies a similar emptiness for
Delaunay edges. Obviously each Delaunay edge has an empty circumscribing circle
passing through its endpoints. The converse also is true. In other words, any edge pq with
an empty circumscribing circle must also be in the Delaunay triangulation. To see this,
grow the circumscribing circle of pq always keeping p, q on its boundary. If it does not
meet any other point from P, the edge pq is on the convex hull boundary of P and is in
the Delaunay triangulation, since Vp and Vq has to share an edge extending to infinity.
Otherwise, when it meets a third point, say r in P, we have an empty circumscribing
circle passing through p, q and r. By the triangle emptiness property pqr must be in the
Delaunay triangulation and hence the edge pq.

3.2.6

LIF Thermometry

LIF thermometry is a non-intrusive temperature measurement method using a
temperature sensitive dye. In LIF thermometry, rhodamine B+ (RhB+) dye is typically
used as a means for the temperature measurement and its fluorescence emission intensity
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decreases as the temperature of a liquid increases. For LIF thermometry experiments in
this study, the laser focused by a 40× water-immersion objective lens (0.8 NA, 2.0 mm
working distance) is used to illuminate the bottom ITO surface in the absence of any
applied electric field and subsequently the fluorescence emission is recorded through a
camera. Detailed theory and applications of LIF thermometry is available in many
references [146-148].

3.3

Results

On the application of a focused laser illumination on the electrode surface biased
with an AC electric field, rapid fluid transport occurs toward the center of laser
illumination, and at a suitable AC frequency a cluster of particles is formed to the
illuminated region on the electrode surface. Figure 3.2 present a large REP cluster,
composed of an aggregation of hundreds of 1 µm polystyrene particles. The REP-based
aggregation of the polystyrene particles used in this work can occur at either electrode
surface. For consistency, all results included in this paper were obtained by performing
the experiments on the bottom ITO cover slip.
A local REP aggregation is initiated only by the simultaneous presence of both
the laser illumination and the electric field. To verify this, we initially activated the laser
illumination in the absence of an electric field and then no particle aggregation could be
observed. Subsequently, the laser illumination was deactivated and only the electric field
was activated. When the applied AC frequency (f) was below 1 kHz, isolated particles
formed local clusters globally on the electrode surface, even in the absence of any laser
illumination. However, for f > 2 kHz, the clusters again were disintegrated into isolated
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particles. Such a phenomenon was observed previously by Nadal et al. [149], who used
the term “contact frequency” to describe this behavior. Specifically, “contact frequency”
was the AC frequency above which particles were separated from nearest neighbors by
several particle radii. Thus, above the “contact frequency”, the sole application of an AC
electric field also does not cause particle aggregation.
Thus, we can see that REP is a hybrid opto-electric technique, where the laser
illumination and electric field act synergistically to create an aggregation of particles.
Optical illumination, when it can create temperature gradients, in the presence of electric
fields has been shown to result in a rapid electrothermal flow. In our attempt to
understand the influence of the two components, that is, laser illumination and electric
field, we first investigated the influence of laser illumination. The optically induced
heating and resulting temperature profile was characterized by LIF thermometry. Intense
illumination at 1064 nm (~106 W/cm2) can cause localized heating on the ITO substrate,
resulting in gradients of temperature and consequently in the electrical conductivity (σ)
and permittivity (ε) of the fluid. Figure 3.6 presents the two dimensional temperature
field created by laser heating on the bottom ITO cover slip. As expected, heating due to a
single focused laser spot produced an axisymmetric temperature distribution decreasing
with radial distance (r) from the center of laser illumination. Temperature profiles as a
function of radial distance from the center of the laser spot and peak temperatures were
investigated (Figure 3.7 and 3.8). The temperature profiles were fitted as the Lorenz peak
function of the form T=T0+a (b/4r2+b2) with a and b being fitting parameters (Figure 3.7).
For the applied laser power of 20 mW, the maximum temperature increase is ~5°C. When
ITO substrates were replaced with plain glass substrates, the temperature increased only
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Figure 3.6. Temperature increase (ºC) on the surface of an ITO electrode produced
when a laser power of 150mW is provided. The origin (0,0) indicates the center of a
focused laser.
slightly (Figure 3.8), indicating that heating of the ITO by the laser is the dominant
mechanism for the temperature increase. For all the above cases, no electric field was
applied so that only the temperature rise in the fluid due to laser heating could be
characterized.
The above results show that even though the absolute change in temperature
might be small, the focused laser beam establishes a high gradient in the temperature
field. These gradients in the presence of an electric field can induce strong electrical body
forces, and from an earlier characterization of electrothermal fluid flow in such a setup
we know that the fluid drag transports particles toward the illuminated region. While a
higher laser power implies a larger temperature gradient and hence a higher magnitude of
electrothermal fluid velocity, the AC electric field also determines the magnitude of
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Figure 3.7. Temperature profiles along with the distance from the center of a focused
laser, characterized as a function of laser power.

Figure 3.8. Temperature increase along with the power of an applied laser for each of
an ITO cover slip and a glass cover slip.

different forces acting on the particles. As a consequence, the REP-based particle
aggregation shown in Figure 3.2 is strongly dependent of the AC electric field strength
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Figure 3.9. Change of ensemble averaged inter-particle distance for a REP aggregation
of 1.0µm particles with applied AC frequencies. The left arrow denotes the global
“contact frequency”, which was measured to be less than 1kHz. The critical frequency
lies toward the right of the graphs.
with the AC frequency being an important parameter. This dependence on AC frequency
is reflected in the decrease of the ensemble averaged inter-particle distance, γ (defined in
Eq. 3.1), of the cluster, with an increase of AC frequency (Figure 3.9). However, the
increase in AC frequency can only be continued until a critical AC frequency is reached.
We define a critical AC frequency (fc) as the lowest AC frequency above which REP
clusters cannot be maintained. This phenomenon will be elaborated upon later in this
section.
In our attempt to understand the influence of the electric field on the aggregation,
we observed that while activating the laser under an applied electric field causes rapid
particle transport to the illuminated site, deactivating the laser causes the particle group to
scatter on the electrode surface (Figure 3.10). The scattering behavior indicates the
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Figure 3.10. (a) REP cluster of 1.0µm particles. Applied experimental conditions are
AC electric potential of 13.1Vpp, AC frequency of 20kHz, and a laser power of
20mW. (b) The particle cluster in t~2sec after the deactivation of the laser.
presence of particle-particle repulsive forces, and therefore a variation of these repulsive
forces with the electric field will influence the scattering dynamics. To investigate the
scattering dynamics, a REP-based cluster of 1.0 µm particles is initially created and then
the illumination is deactivated and then the scattering is studied using high-speed video
microscopy. Prior to investigating the effect of electric field on such scattering, we study
the effect of the number of particles in the REP cluster on particle repulsion (Figure 3.11).
Scattering of the cluster was quantified by the change in ensemble averaged inter-particle
distance (γ) with time after the laser is deactivated. What the result suggests is that
comparison between scattering behaviors of REP clusters at different parameter values
can be made even if they do not contain the same number of particles. Moreover, γ
reaches an equilibrium value of a few particle diameters in less than 5 sec. The
asymptotic behavior of γ is well described by an exponential decay of the form γ=γ0+c(1e-dt) with c and d being fitting parameters and t being time measured from the instant
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Figure 3.11. (a) Scattering behavior of a REP aggregation of 1.0μm polystyrene
particles resulted from the deactivation of an applied laser. The ensemble averaged
inter-particle distance (r) increases with time after the laser deactivation. The clusters
had a varying number of particles. The change of the distance does not depend on the
initial number of particles contained in the cluster. It proves that the magnitude of the
total repulsive force on a single particle is independent of the number of particles in
the cluster. Applied experimental conditions are V=11.2Vpp, f=27.5kHz, and laser
power P=20mW. (b) Exponential decay fit to experimental data (R2~0.95).
when the laser is deactivated (Figure 3.11(b)). Ensemble averaging reduces the inherent
stochastic component of dynamics at such small length scales and allows the repulsive
dynamics to be well described by exponential curve fits. Physically, γ0 can be identified
with the ensemble averaged inter-particle distance when the laser is still activated. The
rate of increase of the ensemble averaged inter-particle distance, γ, depends on the
frequency and magnitude of the AC electric field (Figure 3.12). The dependence of the
scattering dynamics on the electric field demonstrates that the repulsive forces governing
the scattering behavior are AC electrokinetic in nature. This can be further verified by
observing the behavior of a REP aggregation, when the electric field and laser are both
simultaneously deactivated. In such circumstances, no dominant scattering behavior was
observed and instead a very slow diffusive behavior was seen. Measurements could not
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Figure 3.12. (a) Scattering of a REP aggregation of 1.0μm polystyrene particles as a
function of applied AC frequency. The change of the inter-particle distance with AC
frequency suggests that the induced dipole moment varies with AC frequency.
Applied experimental conditions are V=15.6Vpp and initial P=20mW. (b) Scattering of
a REP aggregation of 1.0μm polystyrene particles as a function of applied AC voltage.
Applied experimental conditions are f=19.6kHz and initial P=20mW.
be performed under such circumstances because particles diffused out of the viewing
plane. Thus, the scattering behavior between the particles is noticeable only when the
electric field is activated. The scattering behavior, when the electric field is still activated,
can be expected as the particles act as dipoles and dipole-dipole interaction in the present
case is repulsive in nature.
Particle scattering experiments could only be carried out in the frequency window
between the two extreme regions of Figure 3.9. At too low AC frequencies (close to
contact frequency), attractive forces independent of the electrothermal drag dominate
over the repulsive forces. On the other hand, at a high frequency (close to critical
frequency, fc), the REP cluster becomes unstable. To illustrate this onset of instability at a
high AC frequency, we assembled a REP cluster of 1.0 µm beads at a frequency of 15
kHz and then increased the AC frequency. We found that close to a certain AC frequency
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Figure 3.13. Change in the stability of a REP aggregation with applied AC frequency:
(a) f = 10kHz and (b) f = 30kHz, and (c) f = 40kHz. The size of the cluster has
dominantly decreased. Applied AC voltage and laser power were maintained at
10.5Vpp and 20mW, respectively and 1.0μm particles were used for the experiment.
the REP cluster becomes unstable and a decrease in the number of particles is observed
(Figure 3.13). As the AC frequency is further increased, REP-based aggregation is no
longer observed. Particles are still transported by the electrothermal microvortex, but they
no longer collect on the electrode surface. This behavior demonstrates the existence of a
threshold or critical frequency related to the process. Thus at f ≈ fc, the REP cluster
becomes unstable and the aggregated particles are carried away into the bulk by the
electrothermal microvortex. This situation is illustrated in Figure 3.14, where the
competition between the vertical or normal particle electrode interaction force and drag
force by the electrothermal microvortex causes the threshold phenomenon. At the critical
frequency, the particle-electrode interaction force is overcome by the fluid drag, that is,
>

, and particles are transported into the bulk medium. Thus,

the existence of the critical AC frequency is a direct consequence of the frequency
dependence of both the vertical particle-electrode forces and the electrothermal
microvortex. Figure 3.15 shows the experimentally measured critical frequencies for
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Figure 3.14. Various forces governing the formation of a REP cluster.

Figure 3.15. Variation of a critical frequency with AC voltage for various-sized
carboxylate-modified polystyrene particles. An applied laser power is 20mW.

three different sized particles. For each observation, two measurements were made: the
lowest frequency at which a stable REP cluster became unstable and the highest
frequency at which no REP aggregation was observed. As can be seen for all three
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Figure 3.16. (a) REP generated accumulation of 0.1μm polystyrene particles on the
bottom ITO surface. Applied experimental conditions are 13.5Vpp, 20kHz and 20mW.
(b) Fluorescent intensity profiles of a 0.1μm bead cluster as a function of AC
frequency.
particle diameters, the critical frequency increases with AC voltage. The critical
frequency exhibits a linear dependence on the applied electric field strength (fc~|E|) and is
also particle diameter dependent. For similar particles (carboxylate-modified polystyrene
particles), Figure 3.15 shows that the critical frequency is largest for the smallest particle.
For 0.1 µm particles, their threshold behavior also was seen, and although individual
particles could not be distinguished, the aggregation was quantified indirectly through
fluorescent emission (Figure 3.16). Figure 3.16 shows that the intensity of the REP
aggregation of 0.1µm particles decreases with the increase of applied AC frequency and
finally becomes indistinguishable from the background, indicating reaching to the critical
frequency. From visual observation, the critical frequency for the REP aggregation was
observed to be ~75 kHz.
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3.4
3.4.1

Discussions

Electrothermal Flows

We have seen that aggregation does not result from the sole application of laser
illumination. Hence, thermophoretic migration [150-151] was not significant in our
setup. While laser heating can result in convective flows, the convective fluid velocity
scale in our setup was at least an order of magnitude smaller than the electrothermal fluid
velocity scale.
Interaction of laser illumination with a fluid medium can occur through laser
heating which leads to temperature gradients within a fluid (Figure 3.6-3.8), and these
gradients in turn can produce gradients in density, electrical conductivity, and electrical
permittivity. While density gradients result in fluid flow through natural convection,
gradients in electrical conductivity and electrical permittivity of the fluid in the presence
of electric fields drive an electrothermal flow [52]. However, a comparative analysis of
different forces in microsystems shows that the buoyancy forces are relatively
unimportant when electrical forces are present. This explains the experimental
observation of no aggregation under the sole influence of laser illumination. Therefore
the role of convective flows in the presence of electrothermal flows can be neglected. The
dependence of the time averaged electrothermal body force ( f ) on the gradient of the
temperature field (∇T) and electric field is given by
(3.4)
where Re ( ) denotes the real part of the expression, E is the electric field vector, E* is
the complex conjugate of the electric field strength, ω is the angular frequency of the
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Figure 3.17. Change of the electrothermal body force with AC frequencies for
different medium conductivities. These curves were calculated from Eq. (3.2).
applied electric field, and β and α are the fractional changes of σ and ε with temperature
given by 1/σ(dσ/dT) and 1/ε(dε/dT), respectively. In REP, we assume that the thermal
field is generated by the laser, so that the electrothermal body force is scaled as the
second power of the electric field ( f ~|E|2). The body force is also frequency dependent
but can be assumed to be constant for the regime of operation of REP, since we typically
operate well below the charge relaxation frequency of the liquid electrolyte (Figure 3.17).

3.4.2

Particle Scattering Measurements

Any behavior in REP needs to be understood in terms of three components: (i)
colloidal forces which are independent of the applied electric field, (ii) purely
electrokinetic forces which are independent of laser illumination, and (iii) electrothermal
flows. Colloidal forces result from interaction between van der Waals forces and the
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electrostatic double layer interaction, and these can be expected to be present in any
colloidal system independent of any applied electric field. Such colloidal forces might be
understood in terms of the classical theory of Derjaguin, Landau, Verwey, and Overbeek
(DLVO) [152-153].
Purely electrokinetic forces independent of any laser illumination can result from
phenomena such as induced dipole interactions [126], induced-charge electroosmosis
[114, 154-155], non equilibrium surface phenomena [156], and electrohydrodynamic
flows [157]. Electrothermal flows have already been discussed in the previous section.
Local clusters and REP-based aggregation of particle suspended in a fluid is caused by
colloidal and purely electrokinetic forces. REP and the thresholding behavior in REP are
resulted from the competiveness of the colloidal, purely electrokinetic, and electrothermal
forces.
Our particle scattering experiments (Figure 3.11 and 3.12) can provide insight
into the characteristics of the forces present in REP. To show how the scattering
experiments can lead to force measurement, we consider that for a colloidal particle
moving under the influence of a force field F(x), their trajectory is given by
(3.5)
where ξ is the particle’s viscous drag coefficient. Generalizing from Eq (3.5), one can see
that, for the scattering experiments, the ensemble averaged repulsive force is proportional
to dγ/dt. For typical scales of microsystems, heat transfer through thermal diffusion
typically dominates over convection driven heat transfer. Recall that the laser power used
for the scattering experiments was only 20 mW, and this laser power only causes a
maximum temperature of ~5°C. As such, for the particular system used here, a simple
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Figure 3.18. Scattering dynamics of the 1.0μm particles analyzed to yield dγ/dt values
for different AC frequencies. dγ/dt corresponds to the average repulsive force.
heat-transfer analysis shows that deactivation of the laser would lead the system to reach
thermal equilibrium within ~10-3sec. As the data acquisition rate for the particle
scattering experiments was only 250 fps, the deactivation of the laser can be considered
to result in an instantaneous termination of the electrothermal hydrodynamic drag. As the
drag from the electrothermal vortex vanishes, the net repulsive particle-particle
interaction forces (Figure 3.14) lead to an increase in the ensemble averaged inter-particle
distance. This net repulsive force (

) is proportional to dγ/dt and is

composed of colloidal and purely electrokinetic forces.
The processing of the data obtained from the scattering experiments using 1.0 µm
particles reveals that dγ/dt is AC frequency dependent (Figure 3.18). The absolute
decrease in dγ/dt can differ from 20 to 70% (depending on γ) as the AC frequency is
increased from 17.5 to 40 kHz. This decreasing trend is approximately linear. Moreover,
dγ/dt decreases linearly with distance (γ) (Figure 3.19). This behavior is a direct
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Figure 3.19. Change of dγ/dt with γ for different AC frequencies. This figure
corresponds to experimental data shown in Figure 3.12(a).A linear dependence of
dγ/dt on γ is a consequence of the exponential decay behavior.
consequence of the exponential decay behavior of γ. Scattering experiments of 1.0 µm
particles at different AC voltages (Figure 3.12(b)) also indicate that dγ/dt depends on AC
voltage (Figure 3.20). While dγ/dt does not display a monotonically increasing trend with
AC voltage, the trend can still be described as increasing. In fact, dγ/dt changes by more
than 100% with a voltage increase from 11.25 to 17.2 Vpp. This dependence of dγ/dt on
the electric field results the purely electrokinetic component of the repulsive force.
At this point, consideration should be given to the nature of this purely
electrokinetic component of the repulsive force. We have seen earlier that in the present
experimental setup, small localized aggregations of particles were observed for f < 1 kHz
under the absence of any laser illumination, but for f ≥ 2 kHz, the particle aggregation
ceased. Such phenomenon has been extensively studied with various theories. For low
conductivity aqueous solutions such as those used in the present investigation, the
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Figure 3.20. Scattering dynamics of the 1.0μm particles analyzed to yield dγ/dt values
for different AC voltages.
clustering is often understood in terms of an attractive drag from electrohydrodynamic
(EHD) flows and repulsive forces from dipole-dipole interactions. Note that the
conventional Maxwell-Wagner interfacial polarization [126] which is often used to
understand induced dipole moments does not predict any change in the dipole moment of
the particles with AC frequency, since we operate REP at the frequencies far below the
Maxwell-Wagner relaxation frequency. Ristenpart et al. [157] demonstrated
experimentally that EHD forces cause such aggregation and that these forces scale with
the square of the electric field (~|E|2) and the inverse of the AC frequency (~1/f ). Since
for f ≥ 2 kHz in the present investigation “global aggregation” ceased, one can conclude
that EHD forces alone are unable to overcome the repulsive dipole-dipole forces. In this
regime (f ≥ 2 kHz), the attractive EHD forces would also be expected to decrease as AC
frequency increases. If the dipole forces were to remain constant, at higher frequencies (f
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≥15 kHz), the net repulsive force can be expected to relatively increase with frequency
due to decrease in the EHD forces. However, particle scattering experiments with REP
indicate that

actually decreases when the AC frequency decreases from

40 kHz to 17.5 kHz (Figure 3.18). This anomaly suggests the presence of another
relaxation phenomenon, other than the relaxation of the EHD flow. A possible
explanation lies in the frequency dependent dipole moment resulting from nonequilibrium phenomenon [156]. This phenomenon arises from the polarization of
electrical double layer (EDL), around a particle under the presence of an external applied
electric field [46-47, 158-162]. Thus, the net dipole moment of particles in this present
AC frequency regime can be considered to arise from a combination of the MaxwellWagner interfacial polarization and non-equilibrium EDL polarization.
If the dipole moment indeed decreases, a similar decrease (with AC frequency) in
the vertical particle-electrode interaction forces resulting from the effect of image charges
also can be expected. This implies that the vertical drag from the vortex may eventually
exceed the particle-electrode attractive forces. Such a decrease would account for the
existence of a critical frequency in REP. Moreover, the relaxation mechanism associated
with the EDL polarization process has an associated relaxation frequency (fEDL) that is
scaled as the square of the particle diameter (fEDL~1/a2) [47, 126]. Figure 3.21 shows that
the inverse of the scaled critical frequency displays a squared dependence on the particle
diameter fc ~1/a2. Thus, the particle scattering experiments and critical frequency
measurements indicate the participation of the non-equilibrium EDL polarization
phenomenon.
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Figure 3.21. The critical frequency characterized as the inverse of particle surface.

The variation of the net repulsive force with the applied electric field strength is
not totally understood (Figure 3.20), but the measured force approximately has a secondorder polynomial dependence on the electric field strength. The coefficient values
indicate a substantial linear dependence of this fit. Future experiments will further
explore this behavior, including characterizing the particle-electrode electrokinetic forces
as a function of applied voltage and medium conductivity.

3.4.3

REP and Other Opto-Electrokinetic Technique

The REP technique belongs to the broader category of opto-electric particle
manipulation techniques. Another separate, dynamic opto-electrokinetic technique was
introduced by Chiou et al., and it is termed opto-electronic tweezers (OET). While both
REP and OET are opto-electrokinetic techniques, they differ not only in implementation
but also in the underlying physics. In a typical OET setup, the two substrates are biased
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with an AC electric field and one of the substrates is coated with hydrogenated
amorphous silicon (a:Si-H), which is a strong photoconductor [1, 163]. The use of the
strong photo-conductor allows an OET device to use far lower optical power compared to
REP [107]. Also in OET, an illuminated region can be regarded as a “virtual electrode”,
and thus, an OET device can handle particles with combination of dielectrophoresis, a
light-actuated AC electro-osmosis and an electro-thermal flow [164].

3.5

Conclusions

REP is a novel particle manipulation and concentration technique, which can
concentrate colloidal particles at user-defined locations on an electrode surface. The
participation of an electrothermal microvortex in the aggregation process induces bulk
particle transport, making REP an effective technique for dynamic manipulation. The use
of an optical laser bestows active control over the positioning of colloidal aggregations as
well as various operations such as translation of assembled structures. Particle
manipulation by REP is essentially two-dimensional in nature, as the particle clusters can
be assembled only on an electrode surface. The technique can efficiently pattern and trap
particles ranging from 50 nm to 3.0 µm in diameter.
In this paper, we have expanded the initial investigation of REP. We have
systematically explored the various aspects of REP, including the heating caused by laser
illumination and the nature of the forces in colloidal aggregation. The large number of
physical forces make REP a complex process. Hence, some simplifications such as
restrictions on the optical landscape were necessary in order to have a better
understanding. For example, the scattering of particles when a laser is deactivated is in
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essence an extreme high-dimensional dynamical system. A simplification was achieved
by studying the behavior of the ensemble averaged inter-particle distance as a function of
experimental parameters. Another important conclusion of this work is the existence of a
size dependent critical capturing frequency. This adds to the versatility of the technique,
making possible the selective clustering of particles based on their sizes. We also show
that the inter-particle distance in an REP-based cluster can be tuned with AC frequency.
Techniques to create tunable colloidal aggregations are being actively pursued by the
scientific community [71].
In summary, we have taken an important step in the characterization of the REP
process. However, extensive research on theoretical modeling and experimental aspects
are still necessary for the complete understanding of REP technique. For example,
particle dynamics in a REP trap are essentially stochastic in nature. Similar to the
modeling of stochastic noise in an optical trap [165-166], research needs to be directed to
understanding the role of stochastic dynamics in the behavior of particles in a REP trap.
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CHAPTER 4. OPTO-ELECTROKINETIC MANIPULATION TECHNIQUE FOR
HIGH-PERFORMANCE ON-CHIP BIOLOGICAL ASSAY

This chapter first demonstrates the bio-compatibility of the REP manipulation
technique introduced in the previous chapter, using microorganisms. Aggregation,
patterning, translation, trapping and size-based separation of microorganisms performed
with the technique firmly establishes its usefulness for development of a highperformance on-chip bioassay system.

4.1

Overview and Introduction

A cell-based bioassay is an analytical method that assesses concentration and
biological activity of chemicals/bio-molecules in a sample using microorganisms such as
viruses, bacteria and fungi [167]. Bioassays haven been extensively used in medicine,
food engineering and environmental health sciences for various purposes including
development of new drugs for human disease treatment and exploration of alternative
approaches for environmental remediation [168-171]. Cell-based bioassays typically
require multiple laboratory procedures such as sampling, separation and extraction in
addition to several handling steps needed to prepare a sample for testing with indicator
microorganisms [99]. The continuous advances of microfabrication technologies over
past two decades have enabled integration of the microorganism pretreatment procedures
on-chip and which in turn produced many studies for the realization of an ‘on-chip
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bioassay’ system, resulting in numerous advantages such as reduced reagent consumption
and detection times [27, 30, 33, 90, 172-174]. Most of these studies concentrated on
developing techniques that can effectively manipulate microorganisms at micro- and
nano-scale. Rapid aggregation, transportation, and precise screening of microorganisms
on a chip not only facilitates on-chip pretreatment processes but also further improves the
sensitivity and specificity of bioassays against target components [175]. As
electrochemical properties of microorganisms are strongly size-dependent, nonhomogeneity in cell sizes of microorganisms adds to the complexity of bioassays and this
necessitates a unique process design for size-based cell separation process [16, 176-177].
Ultimately fast and precise on-chip manipulation of microorganisms aids in developing
high-performance bioassay systems.
Such substantial advantages led to the creation of various manipulation techniques
and their applications to bio-particles: dielectrophoresis [27, 172, 174], capillary
electrophoresis [33, 173], optical tweezers [90] and magnetophoresis [30, 34, 178].
However, these existing methods still suffer from the lack of ease, expeditiousness and
precision of the manipulation. For example, dielectrophoresis needs design and
configuration of a complicated electrode, and its integration into small spaces by
microfabrication techniques [27]. Further, the adhesion of bio-particles on the electrode
often happens during dielectrophoretic manipulation making continuous progress of the
manipulation for long durations difficult [179]. Optical tweezers are capable of trapping
particles precisely but have limitations in achieving high-throughput of biochemical
analyses, because only a single or few microorganisms can be trapped in the beam waist
of a laser [180]. Magnetophoresis involves pretreatment of target microorganisms with
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magnetic beads off-chip for the manipulation, preventing the automated performance of
all procedures of on-chip bioassay [34, 178]. These disadvantages of the existing methods
justify the necessity of a simple and versatile alternative technique.
Recently a novel non-contact opto-electrokinetic technique that can manipulate
micro- or nano-particles fast and precisely in a microfluidic chip was invented [7, 9, 3536, 181]. The technique, termed Rapid Electrokinetic Patterning (REP), has been
demonstrated to rapidly and dynamically assemble, pattern and translate various colloids
of 0.05~3µm onto an electrode surface by applying laser illumination to the electrode
surface biased with a uniform AC electric field below 200kHz. Further, sorting three
different sized polystyrene particles successively also was shown [7]. These abilities of
REP intuitively are expected to make significant contributions to the achievement of
high-speed, high-throughput and high-accuracy of an on-chip bioassay through effective
manipulation of indicator microorganisms. However, detailed investigations about the
bio-compatibility of the technique have not yet been attempted. Manipulation of
microorganisms by REP can be often much more complicated as compared to colloidal
particles, due to several factors including the motility of microbes. In this chapter, we
carry out various manipulation experiments using indicator microorganisms, in order to
establish the bio-compatibility of REP and report the results. For this purpose, size-based
separation of microorganisms also is demonstrated. The capabilities of REP for
aggregation and patterning of bio-particles, and translation of the assembly is shown with
Shewanella oneidensis (S. oneidensis) MR-1 which is a gram-negative rod-shaped
bacterium of ~1 µm in diameter and 2~3 µm in length [182]. Saccharomyces cerevisiae
(S. cerevisiae) which is a unicellular spherical fungus of ~5 µm in diameter [183] and
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Staphylococcus aureus (S. aureus) which is a gram-positive spherical bacterium of ~1
µm in diameter [184] are employed to demonstrate selective and dynamic size-based
separation by the REP technique. These microorganisms are chosen for their easy
availability, frequency of usage as an indicator microorganism in bioassay studies, and
suitability to each purpose of the experiments [184-187]. The results shown here
demonstrate not only that the manipulation targets of REP can be extended from artificial
colloids to biological particles including bacteria and fungi, but also that the technique is
a powerful tool for development of a high-performance on-chip bioassay system.

4.2

Physics of REP Technique for Bio-manipulation

Particle manipulation by REP in a microfluidic chip is enabled by the interaction
of several physical phenomena resulting from the simultaneous application of a uniform
AC electric field and an optical laser (Figure 4-1) [7, 36, 181, 188]. In the manipulation, a
uniform AC electric field induces a polarization of particles suspended in a fluid and an
electrohydrodynamic (EHD) flow around the particles and an electrode [7, 36, 181].
Focused laser illumination drives a toroidal-shaped electrothermal vortex with its center
at the illuminated site on the electrode through the production of a non-uniform
temperature distribution in the fluid which interacts with the applied electric field [188].
The interaction of these three primary phenomena enables REP manipulation by
establishing the competition of electrokinetic forces between the particles, and between
the particles and the electrode surface. Schematically describing the force mechanism,
when a uniform AC electric field is applied to a chip where a suspension containing
particles is introduced, the particles show an irregular distribution on the electrode due to
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Figure 4.1. Various electrokinetic forces involved in the formation of a particle cluster
by REP technique [4].
and
denote the
electrokinetic forces existing between particles and between the particles and an
electrode surface, respectively.
and
are the attractive
electrohydrodynamic forces locally gathering the particles each other onto the
electrode.
and
are the electrothermal drag force sweeping toward the
illumination region across the electrode surface.

the horizontal competition of the repulsive particle-particle force (
the lateral EHD force (
electrode force (

) and

), and the vertical balance of the attractive particle) and the vertical EHD force (

). The additional

application of laser illumination in the presence of the electric field exerts a strong
electrothermal drag force on the particles, generating axisymmetric and toroidal
electrothermal vortex with respect to the optical axis. While the lateral component of the
electrothermal force (
the vertical component (
(

) carries the particles toward the center of the illumination,
) competes with both the attractive particle-particle force

) and the vertical EHD force (

). When the vertical forces

balance each other at a certain AC frequency, the particles transported by the
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Figure 4.2. Change in the number of particles in a REP-based cluster along with the
increase of an AC frequency. In each figure, applied AC frequency is (a) 22kHz, (b)
46kHz and (c) 72kHz respectively, under the application of an electric potential of
11.8Vpp and a laser power of 30mW.
electrothermal vortex are aggregated in the region where the laser is focused onto the
electrode. This is a force mechanism for REP-based manipulation of particles.
However, the REP technique cannot always manipulate particles stably. The
stability of REP-based particle manipulation is governed by a critical frequency, a
minimum frequency where the particles cannot be controlled by the technique any more
[181]. In a particle cluster initiated by REP on an electrode surface, the particles become
unstable as the applied AC frequency approaches the critical frequency and, at higher
frequencies, are convected away by a strong electrothermal flow, disassembling the
cluster (Figure 4.2) [7]. Therefore, the simultaneous application of a uniform AC electric
field within the critical frequency range and a focused laser guarantees the concentration,
patterning and translation of particles by REP. Meanwhile, the critical frequency of the
particles has a complex dependence on the various properties, and hence is not yet
completely understood. It was demonstrated experimentally that the critical frequency
has a close relationship with electric double layer (EDL) polarization of particles
associated with surface charge density (fc~ρsc) [181]. The dependence is expressed as the
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inverse of particle diameter squared, i.e. particle surface area for the special case of
constant surface charges. This the basic mechanism of size-based separation of the
polystyrene particles mentioned earlier.

4.3
4.3.1

Experimental Preparation
Cell Culturing Protocol

The indicator microorganisms used for this study, i.e. S. oneidensis MR-1, S.
cerevisiae and S. aureus are processed as described below: S. oneidensis MR-1 and S.
aureus are inoculated from their frozen stocks and streaked onto sterile lysogeny broth
(LB) agar plates and grown at 30 ºC (S. oneidensis MR-1) and 37 ºC (S. aureus) for 24
hrs. Single colonies from each plate are transferred into sterile culture tubes containing 5
mL of LB broth and grown in an orbital shaker at 120 rpm and appropriate temperatures
for 12 ~ 16 hrs. Mid-log phase cells are extracted by centrifugation at 5000 rpm for 5 min,
followed by repeated washing with sterile PBS buffer/ water three times as required.
Media-free cells are resuspended in 0.7% NaCl and incubated with 4 μL of SYTO˗9
green fluorescent dye (Invitrogen Corp.) for 15 min under dark conditions. Finally, the
free dye in the medium is removed by centrifugation at 5000 rpm and the cells are
suspended in DI water for the experiments. S. cerevisiae are grown in YPD broth at 30 ºC
for 16 hrs before extracting mid-log phase cells. Cells are washed and labeled as per
procedures described above. The three prepared microorganism samples (Figure 4.3) are
manually injected to the chip illustrated in Figure 4.4 for each experiment and then are
manipulated, or separated by size by the simultaneous application of a uniform AC
electric field and a focused laser.
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Figure 4.3. Microorganism samples prepared for experiments. (a) Shewanella
oneidensis (S. oneidensis) MR-1 gram-negative bacteria, (b) Saccharomyces
cerevisiae (S. cerevisiae) fungus and (c) Staphylococcus aureus (S. aureus) grampositive bacteria.

4.3.2

Experimental System

The microfluidic chip used for manipulation and size-based separation of
microorganisms consists of several microfluidic chambers sandwiched between two
parallel-plate electrodes (Figure 4.4) [9]. The microfluidic chambers have a height of ~50
µm. They are constructed from a double-sided adhesive tape with the same thickness as
the height. The top and bottom surfaces of the chambers are made from an indium tin
oxide (ITO) coated glass substrate of ~0.7 mm thick and an ITO glass cover-slip (SPI
Supplies Inc., PA) of ~170 µm thick, respectively so that the channel base and lid serves
as electrodes to apply an AC electric signal to the chip, and they are transparent for
illumination and viewing.
An inverted Nikon TE2000U microscope equipped with a Nikon 60× waterimmersion objective lens (1.2 N.A., 0.27 working distance) is used to observe the
microorganisms [7, 9, 36, 181, 188]. The objective area is placed on the bottom plane of
the microfluidic chamber, far from the channel sidewalls to avoid any distortion of the
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Figure 4.4. Microfluidic setup used for manipulation and size-based separation of
microorganisms by REP technique. The chip consists of microfluidic chambers
sandwiched between two parallel-plate electrodes. The top and bottom electrodes are
made from an indium tin oxide (ITO) coated glass substrate and cover slip, and are
transparent for illumination and microorganism observation. During experimentation,
an AC electric field is supplied by a function generator and an optical illumination is
provided from a Nd:YVO4 laser (λ~1064 nm). Then the laser is focused on the bottom
electrode by an objective lens. Liquid is introduced through the ports on the top
electrode.
local electric field by walls. Observation of the microorganisms is achieved by the
employment of a 120 Watt lamp (X-cite 120, Exfo) for fluorescent excitation/ emission
and an epi-fluorescent filter cube (Omega Optical, XF 100-2) for selective penetration of
the lights. An illumination source for REP experiments is an optical hologram of a
Nd:YVO4 laser (λ~1064 nm) made by a spatial light modulator (SLM), and while the
experimentation, the illumination is focused by the 60× objective lens on the bottom
surface of the chip. The images of microorganisms in each experiment are acquired by an
interline transfer charge coupled device (CCD) camera (PCO 1600, Cooke Corporation,
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Figure 4.5. Experimental determination of a REP critical frequency of S. oneidensis
MR-1 bacteria. It was determined by observing how the number of MR-1 bacteria in a
REP-created assembly changed as the applied AC frequency was changed. As the
applied frequency increases gradually from 10kHz, the number of MR-1 bacteria in
the REP-created assembly remains steady up to 34kHz and at the above frequencies,
decreases rapidly signaling the arrival of their critical frequency.

MI) with high quantum efficiency and low read-out noise. The camera has a maximum
pixel resolution of 1600×1200 and a pixel pitch of 7.4 µm×7.4 µm.

4.4

Results and Discussions

To utilize various capabilities of REP shown with artificial colloids in previous
studies to manipulation of actual bio-particles, this study shows extensive manipulations
of motile S. oneidensis MR-1 bacteria with the REP technique. The study was started
from measuring the critical frequency of the bacteria, since the stability of REP
manipulation is ensured below the critical frequency. The critical frequency was
determined by observing how the number of MR-1 bacteria in a REP-created assembly
changed as the applied AC frequency was changed (Figure 4.5). As the applied frequency
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increases gradually from 10 kHz, the number of MR-1 bacteria in the REP-created
assembly remains steady up to 34 kHz and at the above frequencies, decreases rapidly
signaling the arrival of their critical frequency. Therefore all manipulation experiments of
the S. oneidensis MR-1 bacteria by REP were performed by simultaneously applying a
uniform AC electric field within the identified frequency range and a focused laser.
Figure 4.6 shows various manipulations that can be performed on MR-1 bacteria by the
REP technique. A large number of the bacterial cells under the effect of an AC electric
field in Figure 4.6(a) were rapidly assembled by REP onto the electrode surface as in
Figure 4.6(b). The electric signals applied to the chip are 18.69 kHz and 17.8Vpp, and the
intensity of the provided laser illumination is 20 mW. The aggregation procedure of the
bacteria is described as follows: when the suspension containing S. oneidensis MR-1
bacteria is injected into the chip, the bacteria swim freely in the channel using their
flagella. With the application of a uniform AC electric field, they are transported toward
an electrode surface by an electrohydrodynamic flow, experiencing a reorientation caused
by the AC frequency-dependent torque because of the geometric shape of their body
(prolate ellipsoids) [126]. Then the torque aligns the principal axis of the bacterial body
to the applied electric field lines. On the electrode surface, the MR-1 bacteria show an
irregular configuration in the competition of repulsive forces between their induced
dipole moments, and attractive forces by the electrohydrodynamic flow (Figure 4.6(a)).
The additional application of a laser illumination induces an electrothermal vortex by
generating the temperature-dependent gradients of permittivity and conductivity in the
medium which interact with the applied electric field [126, 181]. The toroidal
microvortex transports the upright MR-1 bacteria continuously towards the illumination
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Figure 4.6. Manipulation of S. Oneidensis MR˗1 by REP technique. Green-colored
solid circles in each figure represent the locations of a focused laser beam on the
bottom ITO electrode surface, and actual size of the laser focus is 1.3~1.5µm in
diameter. (a) A random distribution of MR-1 bacteria on the electrode when only a
uniform AC electric field is applied to the chip. (b) Aggregation of S. Oneidensis
MR-1 by REP technique. The applied electrical signal is 17.8Vpp at 18.69kHz and the
laser power is 20mW. (c) The change of the number of MR-1 bacteria in the assembly
along with a time after opto-electrokinetic technique is applied to the chip. (d)
Patterning of the S. Oneidensis MR-1 using two laser illuminations under an electric
field. The applied electrical frequency and voltage is 17.32kHz and 16.9Vpp, and the
laser power is 30mW. (e)˗(f) Translation of the S. Oneidensis MR-1 assembly by the
movement of a laser beam. The provided frequency, voltage and laser power is
18.69kHz, 13.8Vpp and 20mW respectively. In Figure 3.6(f), the green-colored dotted
circle reflects the location and actual size of the beam before the movement and the
arrow represents the direction of the laser movement. All of above images were taken
from the bottom view.
location on the electrode, forming their assembly at a broad, non-uniform temperature
region produced by the laser (Figure 4.6(b)) [181, 188]. The rapidity of REP
manipulation observed in the aggregation process is demonstrated with an exponential
fitting curve in Figure 4.6(c). By the application of the technique, the number of MR-1
bacteria in the cluster increased with time and as a result, about 700 MR-1 cells were
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aggregated on the electrode surface in 0.73 sec. The process was saturated when all of the
bacteria within the electrothermal vortex had been collected. The assembly of the bacteria
by REP can be made anywhere on the electrode surface biased with a uniform AC
electric field along with location of the focused laser, and the experimental observation
led to the attempt of REP-based patterning using multiple laser spots (Figure 4.6(d)).
When two laser spots were supplied on the electrode surface, MR-1 bacteria formed their
separated assemblies at and around each of the illuminated regions. The applied
frequency, electric potential and laser intensity is 17.32 kHz, 16.9 Vpp and 30mW,
respectively. If a laser illumination of a periodic lattice type is applied to the chip,
multiple isolations of the bacteria can be made on the electrode. REP also achieved
successful translation of MR-1 bacteria in the channel. It was performed by moving a
focused laser across an electrode surface, and the experiment result is shown in Figure
4.6(e)~(f). REP-based manipulations of S. oneidensis MR-1 first attempted in this study
revealed new capabilities of REP technique that was not discovered in our previous
studies. One thing is to trap motile bacteria and localize them into clusters at an arbitrary
location on an electrode surface. Moreover, death of the bacteria also was not observed
during the manipulation as they could move freely again after the termination of REP
operation. The ability of REP offers many benefits to studying bacterial chemotaxis
response against particular contaminants present in highly contaminated areas such as
superfund sites [189]. The above experiment results clearly demonstrate biocompatibility of REP technique.
REP can also be used to achieve size-based separation of microorganisms. The
idea for the cell separation lies in the existence of a critical frequency of particles which
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Figure 4.7. Size-based separation of S. aureus and S. cerevisiae (larger cells) by REP
technique. (a) Initialization of the aggregation consisting of S. aureus and S.
cerevisiae before the separation. The applied frequency and voltage is 17.5kHz and
10.07Vpp respectively and the laser power is 20mW. (b) Separation of S. aureus from
the aggregation. As the frequency is increased from 17.5 to 38.9kHz, only the S.
aureus cells remain in the aggregation.(c) Size-based separation efficiency. Cell
counts were calculated from Figure 3.7(a) and Figure 3.7(b).
is associated with their surface charge density [181]. The critical frequency that is
characterized as the inverse of particle surface area for the special case of constant
surface charges makes possible the application of REP to size- or length-based cell
separation. For instance, while individual cells in a pure culture show significant size
variations along with growth phases of cells, their surface charges are almost constant
[190-192]. This indicates that size-based separation of live cells in different phases of the
cell cycle can be achieved by REP. Also, the dependence of a critical frequency is useful
in isolating a particular species of bacteria from a cocktail based on size differences, as
long as they have like surface charges. In this paper, the size-based separation by REP
was performed with S. cerevisiae (fungus) and S. aureus (bacterium) which are both
spherical and have similar zeta potential (surface charge) but have different cellular
diameters [190-192], and the experiment results are presented in Figure 4.7. When two
driving sources of 17.5 kHz, 10.07 Vpp and 20mW were applied to a chip, the two
microorganisms formed a single combined cluster at the bottom electrode surface (Figure
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Figure 4.8. Dynamic trapping of S. aureus (smaller cells) by REP technique in the
medium where it is suspended with S. cerevisiae fungus. The applied frequency and
voltage is 38.9kHz and 10.07Vpp respectively, and the applied laser power is 20mW.
Figure 3.8(a)~(f) were arranged in time order and in each figure, the green- and whitecolored arrows indicate the moving direction of cells and a focused laser respectively.

4.7(a)). As the frequency was increased from 17.5 to 38.9 kHz, S. aureus remained at the
bottom electrode while all S. cerevisiae were swept away towards the top electrode by an
electrothermal flow (Figure 4.7(b) and (c)). During this process, some of S. aureus cells
also were removed from the original cluster possibly due to collision with in-flowing S.
cerevisiae. However, most of the S. aureus population remained in the cluster located at
the bottom electrode surface even in the presence of a strong electrothermal vortex of the
suspending medium. This selective manipulation ability of REP was also utilized to
dynamically trap and separate only S. aureus in the fluid where both the microorganisms

92
were suspended, and the result is presented in Figure 4.8. Regarding with the mortality of
S. aureus and S. cerevisiae during the size-based separation and dynamic trapping, the
two microorganisms settled onto the bottom electrode surface after the deactivation of
REP technique, and this indicates that REP does not threaten their viability. Dead microorganisms would float towards the top electrode. Therefore, size-based separation and
trapping of the two microorganisms by REP not only more strengthens its position as a
bio-manipulation technique, but also further clearly shows its utility for an on-chip
bioassay.

4.5

Conclusion

In this chapter, we have demonstrated the bio-compatibility of REP technique for
the first time. A large number of the microorganisms could be rapidly concentrated and
patterned as well as dynamically translated on an electrode surface. Moreover, the

Figure 4.9. Separation of live and dead Shewanella Oneidensis (S. Oneidensis) MR-1
bacteria by REP. For the experiment, the live and dead MR-1 bacteria were stained
with a green and red fluorescent dye, respectively. (a) Initial aggregation of live and
dead MR-1 bacteria. The applied frequency and voltage is 20.98kHz and 2.75Vpp
respectively, and the laser power is 30mW. (b) Separation of dead MR-1 bacteria from
the aggregation achieved by increasing the AC frequency from 20.98 to 32.28kHz.
During the separation, all other conditions were kept constant.
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precise size-based separation and dynamic/ selective trapping of two different
microorganisms also was achieved. These abilities of REP can make critical contributions
to the realization of a high performance on-chip bioassay system.
Currently many efforts are being made for enhancement of the REP capabilities
and wider applications of the technique in biotechnology field. For label-free separation
of live and dead microorganisms, not only detailed theoretical investigation about the
critical frequency introduced previously is ongoing, but also the separation experiments
based on the investigation are being attempted through the use of live and dead MR-1
bacteria (Figure 4.9) [193-194]. The studies will be continued to the development of
continuous flow-based bio-separator/ sorter using REP.
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CHAPTER 5. EXPERIMENTAL STUDY AND PHYSICAL INTERPRETATION OF
A LIGHT-ACTUATED ELECTROTHERMAL MICROFLUIDIC FLOW

5.1

Overview

This study carries out various experimental investigations on a light-actuated
electrothermal fluid motion generated by the simultaneous application of an AC electric
field (10~60Vpp at 9 kHz~1MHz) and a laser (30~200mW) and provides detailed
physical interpretations to the results. The flow is driven in DI water in a chip consisting
of two parallel plate electrodes, and observed and imaged directly from side of the chip.
Quantitative evaluation of the acquired image frames is achieved with the employment of
particle image velocimetry (PIV) technique. The observation and PIV analysis reveals the
various flow characteristics of a light-actuated electrothermal fluid motion. The
application of a focused laser in a uniform AC electric field brings about the generation
of an electrothermal flow in an axisymmetric toroidal structure. Origin of the flow
structure is found from the distribution of an electrical body force (superposition of
Coulomb force and dielectric force), which is determined by the interaction of a
temperature-dependent gradient of electrical conductivity and permittivity in a fluid and
an applied electric field. The gradient of the electrochemical properties induces the
change in flow pattern of an electrothermal fluid motion with electrical frequency. At AC
frequencies markedly lower than a liquid charge relaxation frequency, the fluid motion is
generated in a source pattern, due to the gradient of local electric field produced from a
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temperature-dependent variation of electrical conductivity. In AC frequency region much
higher than the relaxation frequency, an electrothermal flow with a sink type is driven by
the gradient of local electric field produced from a temperature-dependent variation of
electrical permittivity. Meanwhile, strength of the flows depends primarily on an AC
frequency, an electric potential and a temperature rise in a fluid. The increase of an
electric potential and a temperature rise causes a linear and second power increase of an
electrothermal velocity respectively. And the increase of an AC frequency results in the
rapid decrease and saturation of an electrothermal velocity. The results are originated
from the physical characteristics of Coulomb force and dielectric force, and are in good
agreement with an electrothermal theory. As the laser used for experiments results in the
change of density as well as electrical conductivity and permittivity, the relative
contribution of natural convection on the electrothermal flows is evaluated quantitatively.
Under most of the applied experimental conditions, a very low natural convective effect
of below 10% is involved in the flows. However, at AC frequencies higher than a liquid
relaxation frequency, the relative contribution increases up to 30%. From the comparison
analysis, it is predicted that a transition between the two flows occurs for system
characteristic lengths around 1.2mm. The experimental results and theoretical analyses
provided in this paper not only help the complete understanding about an electrothermal
fluid motion, but also further enable finding various engineering applications of the flow
for lab-on-a-chip (LOC) systems.
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5.2

Introduction

Electrothermal microfluidic flow is an electrokinetic motion of a fluid, generated
by the simultaneous presence of an AC electric field and a temperature gradient [5, 51,
53-58]. The gradient of temperature caused by Joule heating or induced by external heat
sources such as an optical laser result in non-uniform distribution of electrical
conductivity and permittivity in a fluid. It, in turn, produces an electrical body force (fe)
for the driving of an electrothermal flow on the fluid element through the interaction with
an applied electric field. The electrical body force is expressed in a time-averaged manner
like Eq. (5.1) [5, 51, 55]:
(5.1)
where Re [ ] denotes a real part of the bracket [ ]. E is an electric field, E* its complex
conjugate, T temperature, ω (=2πf) applied angular frequency, σ and ε is electrical
conductivity and permittivity of a fluid. The first and second term in the right side of Eq.
(5.1) represents Coulomb force and dielectric force respectively, and the latter is
relatively stronger compared with the former at high AC frequencies (> 2MHz)[5].
The electrothermal flow has received much attention in scientific communities
during the past two decades, due to its enormous advantages. The flow can effectively
manipulate and transport not only a fluid as itself but also colloidal systems suspended in
a fluid such as a particle, a cell and a droplet at micro- or nano-scale[4, 6-9, 35-36, 107,
117, 195-201]. The capabilities were utilized in the various research fields ranging from
colloidal science to biotechnology: 1) concentration, patterning and screening of microor nano-sized particles in a microfluidic system[4, 6-7, 9, 36, 107, 117, 195, 201], 2)
manipulation and separation of cells for development of high-performance biological
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assay[8, 196], 3) pumping and mixing of fluids in a lab-on-a-chip (LOC) device[197,
199-200] and 4) quantification of colloidal interaction[4, 35] or topological analysis of
DNA single molecules[198].
The many applications have been attempted and achieved on the support of
extensive fundamental researches [10, 51-52, 54-56, 117-118, 202-210]. In the studies, an
electrothermal flow was numerically simulated or experimentally driven mostly in two
types for its physical understanding: 1) Joule-heating-based electrothermal (ET) flow[5152, 54-56, 202-206, 208-210] and 2) light-actuated ET flow[10, 117-118, 207]. The
former uses an inhomogeneous electrode system accompanying a strong Joule heating
effect, in order to supply electrical signals and at the same time, induce the temperaturedependent gradient in electrical conductivity and permittivity of a fluid. The latter
requires only the simultaneous application of an electric field and a light for the driving
without regard to electrode configuration. A Joule heating-based ET flow has been
investigated by various methods until recently [51-52, 54-56, 202-206, 208-210]. Green
et al. numerically studied the flow generated in a two co-planar electrode system[51].
The study analyzed the change of an electrothermal flow velocity with thermal resistance
of an electrode substrate. Besides, by simulating local heating by a light on the electrode
surface, they showed that the direction and pattern of the electrothermal flow can be
controlled by external heating sources. The numerical results were partly demonstrated
through the follow-up experiments performed by them and Gonzalez et al. and also
theoretically explained by Ramos et al. and Castellanos et al. who obtained an analytical
solution of the flow [52, 54-56]. Wang et al. investigated a Joule heating-based ET flow
using two-color particle image velocimetry (PIV) technique which is a variant of PIV,
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and found that the electrothermal velocity increases along applied electrical potential (V)
on the scale of V3.5[208]. However, a recent study by Loire et al. contended that the
power scale could be corrected along a temperature rise width (ΔT) in a fluid due to a
temperature-dependent variation of dynamic viscosity[205]. Accordingly, they provided
an alternative theoretical model to the electrothermal flow involving a fluid temperature
rise of > 5ºC.
There also have been the attempts that investigated various aspects of an
electrothermal fluid motion through a light-actuated ET flow [10, 117-118, 207]. Mizuno
et al. generated a quadrupole electrothermal vortex by additionally applying a laser to a
microfluidic chip with the same structure as what Green et al. used, and analyzed the
flow characteristics, basing a local flow velocity in the vortex [56, 118]. Moreover, the
effects of liquid properties on the flow also were observed qualitatively. Kumar et al.
investigated the light-actuated ET flow using a wavefront deformation particle tracking
velocimetry (PTV) technique[10]. The technique identifies the locations of suspended
seed particles through the deformation of a particle wavefront made by a cylindrical lens.
With this method, they obtained a three dimensional structure and local Lagrangian
velocity field of the electrothermal flow. An analogous study was also performed by
Snoeyink et al. who suggested an interference-PTV which is based on the use of a convex
lens and an axicon[207].
Despite such extensive efforts, still detailed experimental investigations are
required for the complete understanding about an electrothermal flow. The previous
studies analyzed the flow, basing the local velocity at a specific location measured by
PTV or PIV technique [55, 118, 120, 205, 208]. In order to physically interpret and
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understand various characteristics of an electrothermally-induced fluid motion, its whole
flow field should be observed and measured. Meanwhile, while an electrothermal flow
depends primarily on an applied AC electric signal and a temperature distribution in a
fluid as shown in Eq. (5.1), many researchers often suffered from the investigation about
individual dependence of the flow on the parameters. Especially for a Joule heating-based
ET flow addressed in most of electrothermal studies, the investigation is not easy to be
achieved because Joule heating is originated from the applied electric field itself [54, 205,
208]. Moreover, the used electrode structure and channel configuration involves together
other electrokinetic phenomena such as AC electroosmosis (ACEO) and
dielectrophoresis (DEP) as well as the electrothermal motion of a fluid, in a specific
frequency range (50~200kHz)[52, 54]. It makes the distinction between the phenomena
difficult and further, may provide distorted information on the frequency dependence of
an electrothermal flow. Due to those aspects, a light-actuated ET flow driven in a two
parallel-plate electrode system was sometimes utilized for the understanding of an
electrothermally-induced fluid motion[10, 207]. It is because the electrical condition and
thermal condition mentioned previously can be independently controlled in the
minimization of Joule heating, DEP and ACEO. However, the studies depended on
indirect measurement that analyzes the flow through deformed wavefronts of tracing
particles.
In this paper, we carry out direct measurement on a light-actuated ET flow and
provide detailed physical interpretations to the results, in order to understand the various
characteristics of an electrothermal fluid motion. For the experiment, a microfluidic chip
consisting of two indium tin oxide (ITO) parallel plate electrodes is fabricated, and in

100
deionized (DI) water in the chip, the light-actuated ET flow is driven by the simultaneous
application of an AC electric field (10~60Vpp at 9kHz~1MHz) and a laser (30~200mW).
The flow generated in manner of symmetrical vortex rings with respect to an optical axis
(O.A.) of the laser is observed and imaged directly from side of the microfluidic chip, and
the acquired image frames are analyzed by PIV technique. Basing the experimental
observation and PIV measurement, the various and complicated aspects of an
electrothermal fluid motion are investigated in-depth: 1) flow structure and pattern, 2)
forced convection nature and 3) dependence on an AC frequency, an electric potential
and a temperature rise in a fluid. The results are explained with an electrokinetics and
electromagnetics or compared with an electrothermal theory. Lastly, as the laser used in
the experiments causes the change of density as well as electrical conductivity and
permittivity of DI water, the relative contribution of natural convection on the
electrothermal flows is evaluated quantitatively. The experiment results and physical
analyses in this paper help the complete understanding about an electrothermal fluid
motion by supplementing or modifying the previous publications and further, provide
valuable insights to the development of an electrothermal flow-based microdevice for
LOC applications.

5.3

Experimental Setup and Method

The experimental study on a light-actuated ET flow is performed in the setup
consisting of a microfluidic chip and two microscope systems as in Fig. 5.1(a). The
microfluidic chip consists of two parallel plate electrodes and several chambers including
an inlet/ outlet reservoir and a microchannel, and is made with two ITO-coated glass
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Figure 5.1. Experimental setup. (a) Schematic diagram of an experiment system for
flow visualization and PIV measurement. The system consists of two microscopes and
a microfluidic chip. One microscope system is used to drive a light-actuated
electrothermal flow by applying an optical laser to a microfluidic chip biased with a
uniform AC electric field. The laser is provided from a near infrared (NIR) Nd:YVO4
laser source and focused on a top or bottom electrode surface by a 60× objective lens.
The generated flow is observed and imaged directly from side of the chip in the other
microscope system where a 10× objective lens and a CCD camera are equipped. (b)
Microfluidic chip for generation of a light-actuated electrothermal flow. The chip
consists of two ITO parallel plate electrodes and several chambers including an inlet/
outlet and a microchannel, and is made with ITO-coated glass slides, an insulating
silicone rubber sheet and a transparent glass cover-slip.
slides, a patterned insulating silicone rubber sheet and a transparent glass cover slip (Fig.
5.1(b)). The two ITO slides facing each other in the chip apply a uniform AC electric
field to the microchannel as a pair of electrodes. The silicone rubber sheet creates the
space for an electrothermal flow by separating the two electrodes. The glass cover slip
enables observing the generated electrothermal flow from side view of the chip. Detailed
fabrication process of the microfluidic chip for experiments is as follows: First, one of
two ITO slides (~1mm in thickness, SPI Supplies® , USA) is punctured by a hand-drill
(Robert Bosch Tool Co., USA) with a diamond drill bit of 1/28" in diameter so that it can
have the ports for fluid injection. A thin silicone rubber sheet (~420µm in thickness,
Diversified Silicone Products Inc., USA) is patterned by a razor for the space of the
chambers mentioned earlier, and the penetration of applied electric field lines through the
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inside. The patterning is realized at edge of the sheet, considering a working distance of
an objective lens for the side view. When the silicone layer and the two ITO slides are
vertically arranged side by side and an open side of the assembly is covered by the
transparent glass cover slip (~200µm in thickness, VWR International LLC., USA), the
fabrication of the microfluidic chip is completed. Prior to experimentation, the chip is
filled with DI water with electrical conductivity of ~2.3×10-3 S/m, and it is manually
introduced through the fluidic ports on a top ITO electrode.
The microfluidic chip is mounted on an inverted microscope system (TE2000U,
Nikon, USA) which is operated with a function generator, a near-infrared (NIR) laser
(λ~1064nm), for the driving of a light-actuated ET flow. The flow is generated by the
simultaneous application of an AC electric signal provided from the function generator
(Berkeley Nucleonics Co., USA) and the NIR laser (Spectra-Physics Co., USA). The AC
electric signal causes the movement of ions and liquid molecules in DI water. The laser
focused on a top or bottom ITO electrode by a 60× water-immersion objective lens
(Nikon, USA) induces a temperature-dependent gradient of electrical conductivity and
permittivity in DI water through the electrode surface heating. The coupling of the
physical phenomena causes generation of a light-actuated ET flow in the chip. Then, the
flow is driven at a far-distance from the channel walls, in order to eliminate their
interference on local electric field.
The generated electrothermal flow is observed and imaged from side of the
microfluidic chip in a boom-stand microscope system (Nikon, USA) where a 10×
objective lens (Nikon, USA) and a digital charge-coupled device (CCD) camera (PCO
Imaging Co., Germany) is installed. For the flow visualization and imaging, 3µm red
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fluorescent particles (Duke Scientific, USA) are suspended in DI water, and their
excitation (λ~550nm) and emission (λ~620nm) is achieved by the use of an epifluorescent filter cube (Nikon, USA) and a mercury-arc lamp (Lumen Dynamics Group
Inc., Canada). For PIV measurement, the movement of the seed particles following an
electrothermal flow is captured by a CCD camera and the acquired images of 200 pairs
are loaded on an enhanced digital particle image velocimetry (EDPIV) software
developed by Dr. Lichuan Gui. The PIV analysis is achieved by establishing interrogation
windows of 64×64 pixel size on each image frame and applying a central difference
image correction (CDIC) method[211-212] and an ensemble-average correlation
technique [213-214]. The CDIC is a cross correlation-based method suggested by
Wereley et al., and is very useful to the analysis of flow fields with high velocity
gradients. And the ensemble correlation method is often used to increase signal-to-noise
ratio (SNR) in PIV analysis over image pairs.

5.4

Result and Discussion

As mentioned previously, the light-actuated ET flow for this study is generated by
the simultaneous application of AC signals of 10~60Vpp at 9kHz~1MHz and laser powers
of 30~200mW in DI water in the microfluidic chip consisting of two ITO parallel-plate
electrodes. The use of the chip, specific AC signals and DI water is to facilitate the
experimental investigations by minimizing other electrokinetic effects such as DEP,
ACEO and Joule heating. First, the DEP can be easily excluded in the parallel-plate
electrode system which does not involve any sharp edges [52]. The ACEO basically
needs the charging in an electric double layer (EDL) of an electrode surface for the flow
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generation [57-58, 99, 154, 204]. The charging is generally characterized by “RC time”
(τc=εL/σλD, where L is a geometrical size of electrode spacing and λD is a thickness of
EDL)[55, 154, 215], and is achieved in about 0.013 sec (f~12.3Hz) over the experimental
conditions used in this study, i.e. L~420µm and λD~10nm. Because the frequency is
markedly lower than the AC frequencies applied for the driving of a light-actuated ET
flow, the EDL charging cannot occur and accordingly, the ACEO does not need to be
considered. The Joule heating is always accompanied with the application of an electric
field, and a fluid temperature change by the effect is approximately evaluated with ΔT ~
σVRMS2/8k (VRMS is root means square value of electric potential and k is thermal
conductivity of a fluid)[5, 52, 54]. Since the maximum electric potential applied during
experimentation is 60Vpp (peak-to-peak) and the thermal conductivity of DI water is
~0.58 [W/m·°K or °C][53], the temperature rise is about 0.8 [°C or °K]. Such small
temperature variation cannot elicit enough gradients of electrical conductivity and
permittivity to generate an electrothermal flow. Therefore, the Joule heating has no effect
on the generation of the light-actuated ET flow. By these preliminary investigations, the
experimental studies of a light-actuated ET flow in this paper were performed in the
simultaneous application of AC signals of 10~60Vpp at 9kHz~1MHz and laser powers of
30~200mW.

5.4.1

Flow Structure of a Light-actuated Electrothermal Flow

Figure 5.2 shows visualization and PIV measurement of the light-actuated ET
flow. The results were obtained by positioning a focal plane of a camera to a central
cross-section of the flow from side of the chip and successively imaging the movement of
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Figure 5.2. Axisymmetric toroidal flow structure of a light-actuated electrothermal
fluid motion generated by the simultaneous application of a uniform AC electric field
and a focused laser. The applied AC electric signal and laser power is 20Vpp at 9kHz
and 140mW respectively, and the laser is focused on the bottom ITO electrode
surface. In the figure, H represents a height of the microchannel, O.A. an optical axis
of the laser beam, V.C. vortex centers in the generated electrothermal flow and C.L.
denotes a center line passing through the vortex centers. (a) Visualization of a lightactuated electrothermal flow. The fluid streamlines were obtained by superimposing
successive images of the seed particles taken at the central flow cross-section. (b)
Flow field and speed distribution in the electrothermal vortex.
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the suspended seed particles. Then, the selection of the interesting domain for imaging is
based on the vortex structure of a light-actuated ET flow. The seed particles flow in and
out of the focal plane repeatedly, heading toward an O.A. of the applied laser. This
indicates that the electrothermal flow is being generated in an axisymmetric toroidal
structure. The flow structure allows performing this study through 2D imaging at the
central cross-section instead of 3D measurement. In Fig. 5.2(a), the fluid streamlines
clearly show the toroidal-shaped flow, drawing a pair of vortex ring. Origin of the
structure is found from the distribution of an electrical body force in DI water,
determined by the coupling of an AC electric field and a temperature field. The laser
focused on the bottom ITO electrode induces axisymmetric temperature-dependent
gradients of electrical conductivity and permittivity in the fluid[5]. The variation of the
electrochemical properties produces an electrical body force in the same distribution
configuration on the fluid element under an applied electric field, and the force generates
the toroidal electrothermal flow [5]. Figure 5.2(b) presents PIV measurement of the flow.
In the figure, the velocity vectors are symmetrically distributed with respect to the
incident direction of a laser (x/H=0). Besides, the flow speed on the line passing through
centers of the two vortices also follows a bell-curve, having a maximum value
(~95µm/sec) onto the O.A.. These results support the visualized flow structure in Fig.
5.2(a) quantitatively.
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5.4.2

Flow Pattern and Force Convection Nature of a Light-actuated Electrothermal
Flow
An interesting finding observed in Fig. 5.2 is that the electrothermal flow has a

source-flow type over the bottom electrode. The suspended seed particles are transported
toward the laser focus and then again, are dragged for the top electrode along a
propagation direction of the laser beam. This flow pattern can be physically understood
with Fig. 5.3. The variation of electrical conductivity and permittivity in DI water
induced by the focused laser causes the gradient in local electric field for continuous flow
of an electric current, when an external electric field is applied. At AC frequencies much
lower than a charge relaxation frequency of DI water (fτ= σ/2πε ~ 517kHz, calculated[5,
52-53, 55]) as in Fig. 5.2, the electric current flows by the movement of ions dissociated
from chemical impurities and organics in the fluid (conduction current, I=δJ/δt, where
J=σE)[5], and the charge carriers experience the variation of local electric field produced
primarily by electrical conductivity gradient while moving across the fluid in response to
an external electric field (Fig. 5.3(a)). This is because the temperature-dependent
variation of electrical conductivity is larger 5~7 times than it of electrical permittivity[5,
53]. Since electrical conductivity of a liquid increases with temperature, there exists a
weak local electric field around the bottom electrode where heating by the focused laser
occurs dominantly. On the other hand, a relatively strong local electric field is formed
around the top electrode because the thermal energy provided from the laser is small
compared with the bottom electrode. Such spatial distribution of local electric field exerts
larger Coulomb force to the ions moving toward the top electrode and it eventually leads
to the bulk flow transport of DI water in the same direction due to a viscous drag force
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Figure 5.3. Change in flow pattern of a light-actuated electrothermal fluid motion with
applied AC frequency, and its physics. This figure illustrates the flow patterns only
over a half-cycle of an AC signal because the patterns remain the same even for the
other half-cycle. In the figure, ● and O.A. denotes a location and an optical axis of a
focused laser, and and a dashed line arrow indicates an external electric field vector
and its direction.
and
is Coulomb force and dielectric force respectively, and the
direction and strength of the forces is represented by a black solid arrow and its length.
σ and ε is electrical conductivity and permittivity of a fluid and local is a local electric
field in a fluid. Their increase direction follows a gray solid arrow. (a) Source-flow
pattern of the electrothermal fluid motion occurring when an applied AC frequency (f)
is much lower than a liquid charge relaxation frequency (fτ). (b) Sink-flow pattern of
the electrothermal fluid motion occurring when f » fτ.

between the ions and the fluid. This is the driving principle of the source-type
electrothermal flow shown in Fig. 5.2. The flow pattern is observed when AC electric
signals far lower than a liquid relaxation frequency are provided with a laser.
At AC frequencies markedly higher than the liquid relaxation frequency, a sinktype light-actuated ET flow is generated (Fig. 5.3(b)). This is because the gradient of
electrical permittivity rather than electrical conductivity induces the change of local
electric field strength in a fluid[53]. An electric current in the frequency range is provided
by the slight motion of permanent dipoles in DI water molecules (displacement current,
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I=δD/δt, where D=εE)[5, 216], not by the movement of ions. Because the ions don’t have
enough time to move to either electrode, they cannot make any contribution to the
electric current. Therefore, when the displacement current flows across the interface in a
fluid where electrical permittivity gradient exists, the variation of local electric field is
made there so that a constant electric flux density can be maintained[5, 216]. Since
electrical permittivity of a liquid decreases with temperature, a relatively strong electric
field exists around the bottom electrode on which a laser is focused. On the other hand,
around the top electrode, a weak local electric field is distributed. Due to such spatial
distribution of local electric field, liquid molecules in DI water are subject to a net
dielectric force directing the bottom electrode. It gives rise to the light-actuated ET flow
with a sink-type. The flow pattern was not shown experimentally in this study because at
AC frequencies > 2MHz, the applied electrical signals were distorted by high electrical
resistance of the used microfluidic chip. However, many numerical studies support the
sink flow pattern observed at the high AC frequencies [5, 51, 202].
The gradient of local electric field in DI water could produce dielectrophoretic
effect on the seed particles used for flow visualization and PIV measurement. According
to Kumar et al., when a NIR laser is applied to the microfluidic chip consisting of two
parallel-plate electrodes of 50µm spacing, the fluid temperature rise does not exceed over
35 [°C or °K][4]. And such temperature variation is reported to induce local electric field
gradient of E/E0=0.83~0.85 in Zaghdoudi et al’s study[217]. The data give the
dielectrophoretic velocity of about 1µm/sec. Since we used two ITO parallel-plate
electrodes apart by 420µm in all experiments of this study, the fluid temperature rise and
local electric field gradient would be smaller than the above value and accordingly, the
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dielectrophoretic velocity also would be less than 1µm/sec. Therefore, the
dielectrophoretic effect on the seed particles can be ignored.
Here, we should give more attention to the source pattern of the electrothermal
flow observed in Fig. 5.2. The direction of the flow along O.A. is identical with natural
convection induced by the heated bottom electrode. This might bring about the confusion
in distinguishing the two flows. To avoid it, we drove electrothermal flows under the
same experiment conditions except for the location of a focused laser and analyzed each
of the flows using PIV technique. The provided AC electric signal and laser intensity is
30Vpp at 20 kHz and 140mW, and the PIV measurement results and their comparison are
presented in Fig. 5.4. When a focused laser was positioned on a bottom ITO electrode
under the application of a uniform AC electric field (Fig. 5.4(a)), the electrothermal flow
had a source flow pattern against the electrode, identically in Fig. 5.2. However, even
when the laser was focused on a top ITO electrode (Fig. 5.4(b)), the electrothermal flow
was generated in a source pattern against the electrode. If the flow was governed by
natural convective effect, the flow in Fig. 5.4(b) would be driven toward the top electrode.
But the actually generated flow is in an opposite direction with it. The result indicates
that the electrothermal flow has forced convection nature, which should be strictly
distinguished from natural convection. In Fig. 5.4(c), the comparison of PIV
measurements over the two flows gives a finding that the maximum electrothermal
velocity in Fig. 5.4(b) is smaller about 2.5 times than it in Fig. 5.4(a). The difference is
because a relatively low laser power was reached to the top electrode due to diffraction
and slight absorption by DI water.
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Figure 5.4. Forced convection nature of a light-actuated electrothermal flow. The
applied AC signal and laser power is 30Vpp at 20kHz and 140mW respectively. And ●
and O.A. in the figure denotes a location and an optical axis of a focused laser. (a)
Velocity field and streamlines in the electrothermal flow occurring when a laser is
focused on a bottom electrode surface under a uniform AC electric field. The flow is
generated in a source pattern over the bottom electrode. (b) Velocity field and
streamlines in the electrothermal flow occurring when a laser is focused on a top
electrode surface under a uniform AC electric field. (c) Comparison of the maximum
electrothermal velocities in Fig. 5.4(a) and (b).
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5.4.3

Dependence of a Light-actuated Electrothermal Flow on Electrical and Thermal
Condition
The physical understanding of a light-actuated ET flow obtained from the above

experiments led to the investigation about dependence of the flow on electrical condition
and thermal condition. In this paper, the investigation was achieved by analyzing the
change of a light-actuated ET flow with an AC frequency, an electric potential and a
temperature rise in DI water using PIV technique and plotting the maximum values of an
electrothermal velocity in the flow fields over the each parameter (Fig. 5.5). Then, the
maximum electrothermal velocity is found at the point of contact where O.A. and C.L.
intersects, similarly in Fig. 5.2(b).
When an externally applied electric potential and laser intensity was fixed at
50Vpp and 90mW respectively, the velocity decreased as an AC frequency increased from
50 kHz to 1MHz, and showed a plateau in the frequency region above 400 kHz (Fig.
5.5(a)). This is because Coulomb force, one of the driving forces for an electrothermal
flow, becomes weak along with the frequency. As shown in Eq. (5.1), an electrothermal
flow is governed by the combination of Coulomb force and dielectric force[5, 53]. While
the former is a force acting between an applied electric field and ions in a fluid, the latter
is a force exerted between an applied electric field and dipoles on the interface where
electrical permittivity gradient exists. The relative contribution of the two forces on an
electrothermal flow is determined by a charge relaxation frequency of a fluid (fτ)[5, 53].
While Coulomb force dominates at AC frequencies far below the relaxation frequency,
dielectric force is relatively strong at AC frequencies much higher than the relaxation
frequency. The DI water used in this study has a liquid relaxation frequency of ~517 kHz.
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Figure 5.5. Dependence of a light-actuated electrothermal flow on electrical and
thermal condition. In each figure, the y-axis corresponds to the maximum value of an
electrothermal velocity found at the point of contact where O.A. and C.L. intersects,
similarly with Fig. 5.2. And the data points are fitted with the theoretical curves given
by an electrothermal theory (gray dotted line). (a) Change of the electrothermal flow
velocity with an applied AC frequency (f). For this experiment, the AC frequency was
increased from 50kHz to 1MHz while the electric potential and laser power was fixed
at 50Vpp and 90mW respectively. (b) Change of the electrothermal flow velocity with
an applied electric potential (Vpp). It was investigated by changing electric potential
from 10Vpp to 60Vpp under the application of 20kHz AC frequency and 30mW laser
power. (c) Change of the electrothermal flow velocity with a laser power (Lp). For this
investigation, the laser power was changed from 40mW to 200mW while the AC
electric signal was fixed at 15kHz and 30Vpp. The increase of the laser intensity
corresponds to a temperature rise in DI water.
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Therefore, the decrease of the maximum velocity in Fig. 5.5(a) occurs because Coulomb
force governing the electrothermal flow at the low frequency decreases with the increase
of applied AC frequency passing through the relaxation frequency. Figure 5.5(b) shows
the change of a maximum electrothermal velocity with electric potential. As an applied
electric potential increases from 10Vpp to 60Vpp, the velocity increases on the second
power of the electric potential. This phenomenon attributes to the physical fact that
Coulomb force governing the electrothermal flow at 20kHz AC frequency is proportional
to the square of electric potential[5, 53]. We also investigated the dependence of a lightactuated ET flow on a temperature change in a fluid (Fig. 5.5(c)). The experiment was
achieved by increasing laser intensity from 40mW to 200mW under the application of a
constant AC electric signal (30Vpp at 15 kHz). Then, Joule heating in the chip can be
ignored since a fluid temperature rise by the applied electric potential is about 0.2 [°C
or °K]. Therefore, the temperature dependence of the electrothermal flow could be
investigated purely through the change of laser intensity. In Fig. 5.5(c), the electrothermal
velocity increases linearly along the applied laser intensities. This is because the laser
powers caused a linear increase in electrical conductivity gradient of DI water through
gradational heating of the fluid. The result can be extended to explain the reason why a
Joule heating-based ET flow is proportional to the fourth power of an applied electric
potential. As a temperature rise in a fluid is scaled with the square of electric potential[5,
52, 54], the change of an electrothermal flow strength with a temperature also is
characterized on the same scale by the linear correlation obtained from Fig. 5.5(c). It
eventually produces the dependence of a Joule heating-based ET flow on the fourth
power of electric potential in combination with the result in Fig. 5.5(b), i.e.

.
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All of the experiment results discussed in this section are in accurate agreement with an
electrothermal theory, and provide the physical understanding to not only a light-actuated
ET flow but also a Joule heating-based ET flow.

5.4.4

Natural Convection in a Light-actuated Electrothermal Flow

In Fig. 5.5, the laser would result in the change of density as well as electrical
conductivity and permittivity of DI water through heating of the electrode surface and
which in turn would lead to the involvement of natural convection in the electrothermal
flows. Figure 5.4 already implied that the natural convection is very weak compared with
the electrothermal fluid motion. However, for quantitative evaluation of the relative
contribution, we analyzed natural convection flow caused from the sole application of a
laser using PIV technique and compared the result with Fig. 5.5. When a laser is focused
on the bottom electrode, the seed particles suspended in DI water moved very slowly
along the opposite direction with gravity, forming a pair of vortex ring which is
symmetric with respect to the O.A.. As a result of analyzing the movement with PIV
technique, the natural convection flow had a maximum velocity at the point of contact of
C.L. and O.A., similarly with the characteristic of a light-actuated ET flow, and the
velocity value reached linearly to 30µm/sec when laser intensity increased from 40mW to
200mW (Fig. 5.6). Based on the data, the relative contribution of natural convection in
Fig. 5.5 (|VN|/|V|) was investigated (Fig. 5.7). The electrothermal flows involve a very
low natural convection effect (less than 10%) at AC frequencies of below the 350 kHz
which is close to a liquid relaxation frequency of DI water. On the other hand, the natural
convection effect in AC frequency region of above 350 kHz increases up to about 30%
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Figure 5.6. Change of natural convection velocity with an applied laser power. In the
figure, y-axis corresponds to the maximum value of natural convection velocity found
at the point of contact where O.A. and C.L. intersects, similarly with Fig. 5.2.
and accordingly, appears to influence to some extent the generation of the light-actuated
ET flows. The results are similar with a theoretical prediction calculated over the applied
experiment conditions [5, 52, 54]:
.

(5.2)

This experimental and theoretical investigation finds that the transient between a
light-actuated ET flow and a natural convection flow takes place on a different length
scale with a Joule heating-based ET flow. According to Castellanos et al., the transient in
a Joule heating-based ET flow occurs typically for system lengths around 300 µm[54].
However, in spite that the microfluidic chip used in this study has a characteristic length
of 420 µm (i.e. channel height), the natural convection effect is still weak compared with
the strength of the light-actuated ET flows. And the transient is predicted to occur in a
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Figure 5.7. Relative contribution of natural convection on the electrothermal flows
shown in Fig. 5.5.

microfluidic chip structure with 1.2mm channel height by Eq. (5.2), over the experiment
conditions in Fig. 5.5.

5.5

Conclusion

In this paper, we carried out various experimental studies on a light-actuated
electrothermal fluid motion and provided detailed physical interpretations to the results.
For the experiments, a microfluidic chip consisting of two parallel plate electrodes was
fabricated and in DI water in the chip, the light-actuated electrothermal flow was driven
by the simultaneous application of an AC electric field (10~60Vpp at 9kHz~1MHz) and a
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laser (30~200mW). The use of the electrode configuration, specific electric signals and
low electrical conductivity solution is to eliminate or minimize other electrokinetic
phenomena such as ACEO, DEP and Joule heating effect which often are accompanied
with an electrothermal flow. The generated flow was observed and imaged directly from
side of the chip, and the acquired images were evaluated quantitatively by PIV technique.
The results obtained from the experimental observation and PIV analysis are summarized
as follows:
(1) The application of a focused laser in a uniform AC electric field brought about the
generation of an electrothermal fluid motion in an axisymmetric toroidal structure. Origin
of the flow structure is found from the distribution of an electrical body force, which is
determined by the interaction of a temperature-dependent gradient of electrical
conductivity and permittivity and an applied electric field.
(2) The gradient of the electrochemical properties produced by laser heating induced the
change in flow pattern of an electrothermal fluid motion with AC frequency. When an
optical laser was focused on the bottom electrode biased with AC electric signals of
below a liquid charge relaxation frequency, a light-actuated electrothermal fluid motion
was generated in a source-pattern over the electrode surface. The flow pattern was also
obtained even when the focused laser was positioned on a top electrode. It is because the
ions in DI water, an electric current carrier in the frequency region, were subject to a net
Coulomb force directing far away from the electrode where laser heating occurs. The
direction of Coulomb force is determined by the gradients in local electric field produced
from a temperature-dependent variation of electrical conductivity. The experimental
observation and theoretical explanation demonstrates that a light-actuated electrothermal
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flow has a force convective nature and accordingly, is an effective means for
manipulation of a fluid as itself or colloidal systems suspended in a fluid. At AC
frequencies higher than a liquid charge relaxation frequency, an electrothermal flow with
a sink-type is driven. It is because liquid molecules in DI water, which transport an
electric current in the frequency region, are subject to a net dielectric force directing the
electrode where a laser is focused. The direction of dielectric force is determined by the
gradients in local electric field produced from a temperature-dependent variation of
electrical permittivity, rather than electrical conductivity. The physical explanation about
the sink flow pattern was not verified experimentally in this study, but is supported by
multiple previous publications.
(3) The individual dependence of a light-actuated electrothermal flow on an AC
frequency, an electric potential and a temperature rise in a fluid was investigated. Due to
a physical characteristic of Coulomb force and dielectric force, the electrothermal flow
strength increased along the applied electric potential and temperature rise. And the
increase of an AC frequency from 50 kHz to 1MHz caused a rapid decrease and
saturation of the flow. These results are in exact agreement with an electrothermal theory,
and provide an important understanding to a Joule heating-based electrothermal flow as
well as the light-actuated electrothermal flow.
(4) The relative contribution of natural convection on the electrothermal flows in (3) was
evaluated experimentally and theoretically. Under most of the applied experimental
conditions, a very low natural convection effect of below 10% was accompanied in the
flows. However, at AC frequencies higher than a liquid charge relaxation frequency, the
relative contribution reached up to 30% and accordingly, appeared to affect to some
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degree the generation of the light-actuated electrothermal flows. An interesting finding
obtained from the investigation is that the transition between a light-actuated
electrothermal flow and a natural convection flow occurs for system characteristic
lengths (l) around 1.2mm. The value is larger 4 times than the transition in a Joule
heating-based electrothermal flow (l~300µm).
The various experiment results and theoretical interpretations in this paper not
only help a complete understanding about an electrothermal fluid motion, but also further
provide invaluable insights to the development and optimization of an electrothermal
flow-based microdevice for LOC applications.
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CHAPTER 6. DIMENSIONLESS NUMBER FOR CHARACTERIZATION OF AN
ELECTROTHERMAL MICROFLUIDIC FLOW

6.1

Introduction

Manipulating particles and fluids at micro- or nano-scale plays a very important
role in the development of various science and engineering fields ranging from colloidal
science to biotechnology [4, 6-7, 36]. As a means for the manipulation, recently an
electrothermal flow has received much attention in a scientific community. An
electrothermal microfluidic flow is an electrokinetic motion of a fluid, generated by the
simultaneous presence of an AC electric field and temperature gradients [5, 51, 53-58].
The gradient of temperature caused by Joule heating or induced by an external heat
source like an optical laser brings about a non-uniform distribution of electrical
conductivity and permittivity in a fluid. It, in turn, produces an electrical body force (fe)
for the driving of an electrothermal flow on the fluid element through the interaction with
an applied electric field. The electrical body force is generally formulated in a timeaveraged form like Eq. (6.1) [5, 51]:
(6.1)
where Re [ ] indicates a real part of the bracket [ ]. E is an electric field, E* its complex
conjugate, T temperature, ω (=2πf) applied angular frequency, σ and ε is electrical
conductivity and permittivity of a fluid. The first and second term in the right side of
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Eq.(6.1) represents Coulomb force and dielectric force respectively, and the latter
dominates the former at high AC frequencies (> 2MHz) [5].
An electrothermal microfluidic flow can effectively manipulate and transport not
only a fluid as itself but also colloidal systems suspended in a fluid such as a droplet, a
bubble and a cell in a miniaturized chip [4, 6-9, 35-36, 107, 117, 195-201]. Due to the
enormous advantage, it has been applied in many research fields needing on-chip
handling of a target material: 1) rapid concentration, patterning and screening of microor nano-sized particles in a microfluidic device [4, 6-7, 9, 36, 107, 117, 195, 201], 2)
manipulation and separation of cells in a biological assay system [8, 196], 3) on-chip
pumping and mixing of fluids [197, 199-200] and 4) quantification of colloidal
interaction [4, 35] or size analysis of DNA single molecules [198].
However, most of the applications were achieved, depending on experience,
intuition, and trial and error of researchers. If detailed physical understanding on the
electrothermal flow is preceded, the laborious works involved in the studies can be
minimized. For this, in this paper we drive an electrothermal microfluidic flow by
simultaneously applying a uniform AC electric field and an optical laser and analyze
various flow characteristics of the fluid motion using a particle image velocimetry (PIV)
technique and a laser-induced fluorescence (LIF) technique: 1) flow structure and pattern,
2) dependence on an AC frequency, an electric potential and a temperature rise in a fluid,
and 3) relative contribution of natural convection on the electrothermal flows. Also, on
basis of the quantitative measurement results, we construct a dimensionless number
model to characterize an electrothermal flow using a Buckingham PI theory. It will help
the completed understanding about a physics of an electrothermal fluid motion and
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Figure 6.1. Experimental setup: (a) Schematic diagram of an experiment system for
flow visualization and PIV measurement. The system consists of two microscopes and
a microfluidic chip. (b) Microfluidic chip for generation of a light-actuated
electrothermal flow. The chip consists of two ITO parallel plate electrodes and several
chambers including an inlet/ outlet and a microchannel, and is made with ITO-coated
glass slides, an insulating silicone rubber sheet and a transparent glass cover-slip.
further, provide valuable insights for the development of electrothermal flow-based
microdevices.

6.2

Experimental Setup and Method

The experimental and theoretical investigation in this paper starts from grasping a
velocity field and temperature field in the light-actuated electrothermal flow. The basic
physical quantities are measured by a PIV and LIF technique, and the measurements are
performed in the setup consisting of a microfluidic chip and two microscope systems as
in Figure 6.1.

6.2.1

Velocity Field Measurement

The microfluidic chip consists of several chambers including an inlet and outlet
reservoir and a microchannel, and the chambers are established by two indium tin oxide
(ITO)-coated slides of ~1mm thickness, a patterned insulating silicone rubber sheet of
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~500µm thickness and a transparent glass cover slip of ~200µm thickness. The two ITO
slides facing each other in the chip apply a uniform AC electric field to a microchannel as
a pair of electrodes. The silicone sheet secures the spaces for an electrothermal fluid flow
by separating the two electrodes. The glass cover slip enables observing and imaging the
generated electrothermal flow from side of the chip. Detailed fabrication procedures of
the microfluidic chip are as follows: First, one of the two ITO electrodes is punctured by
a hand-drill with a diamond drill bit of 1/28" in diameter. The ports serve as a fluidic inlet
and outlet so that a tracing particle solution for PIV experiment and a fluorescent dye for
LIF measurement can be introduced into the channel. The silicone sheet as a spacer is
patterned for security of the chambers mentioned previously and penetration of electric
field lines inside the space. The patterning is achieved by a razor without the help of
microfabrication technique, and is realized at an edge of the sheet considering the
working distance of an objective lens for side-view. When the two ITO slides and
silicone sheet is combined vertically side by side and an open side of the assembly is
covered by the transparent glass cover slip, the fabrication of the microfluidic chip is
completed.
The flow is observed and imaged in a boom-stand microscope system (Nikon
stereo zoom microscope) where a mercury-arc lamp and an imaging camera is equipped.
For the flow visualization and imaging, 3µm red fluorescent polystyrene particles are
suspended in DI water with electrical conductivity of 2.3×10-3 S/m and their excitation
(λ~550nm)and emission (λ~620nm) is achieved by a epi-fluorescent filter set and a
mercury lamp. And the emitted lights of the particles is captured by an interline transfer
charge coupled device (CCD) (PCO 1600) with 7.4µm×7.4µm pixel resolution. For the
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analysis of velocity field, the acquired image frames are loaded on an enhanced digital
particle image velocimetry (EDPIV) software developed by Dr. Lichuan Gui, and are
evaluated quantitatively by establishing interrogation windows with 64×64 sizes and
applying a deformation technique known as central difference image deformation (CDIC)
on each frame [211-212].

6.2.2 Temperature Field Measurement
Non-uniform temperature field in the electrothermal flow is measured by a LIF
technique in the same setup with the PIV experiment. The technique takes advantage of
temperature dependence of the fluorescence intensity of a fluorophore added to a fluid for
estimation of temperature in the fluid [218]. Therefore, in this paper the LIF-based
temperature measurement is achieved by comparing the fluorescent intensity at a
reference temperature with that at an unknown temperature and finding a temperature
change corresponding to the comparison value on a calibration curve. For the experiment,
a laser-grade Rhodamine B (RhB) of 24.4mg is dissolved in DI water of 45ml. The
fluorescent dye is excited (λ~550nm) and emitted (λ~620nm) by a mercury-lamp
provided from side of the chip. The fluorescence intensities varying when increasing a
laser power from 20mW to 170mW are imaged by a CCD camera and the pixel
information in the acquired images is normalized by the images when no laser is provided.
The normalized pixel intensities are evaluated on an exponential curve obtained from
calibration experiment, in order to find a temperature change in a fluid (Figure 6.2). The
calibration experiment is conducted in a 400µm square glass microchannel (Vitrocom,
Inc.) submerged in a well machined from an aluminum block. The capillary tube is filled
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Figure 6.2. Experimental setup for calibration of temperature: (a) Schematic diagram
of an experiment system for temperature measurement. The setup consists of an
inverted microscopes and a calibration chip. (b) Structure of a calibration chip. The
chip consists of a glass slide, an aluminum block well, a film heater, a thermocouple
wire, an insulator and a capillary tubing. The capillary is filled with a Rhodamine B
(RhB) dye, sealed on both ends and placed in the well for the experiment. (c)
Calibration curve. The data points were fitted with an exponential function.
with the fluorescent dye solution, sealed on both ends and placed in the well. Then the
well is filled with DI water for heat insulation of the dye and sealed with an acrylic plate.
The aluminum block is heated using a thermofoil resistance heater (Minco Products, Inc.)
and enclosed in an insulating material. The temperature of the water bath (23°C~76°C) is
measured with a thermocouple at temperature intervals of 2°C. The setup reaches
equilibrium temperature in approximately 10-15 min.
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Figure 6.3. Axisymmetric toroidal flow structure of a light-actuated electrothermal
fluid motion generated by the simultaneous application of a uniform AC electric field
and a focused laser. The applied AC electric signal and laser power is 20Vpp at 9kHz
and 140mW respectively, and the laser is focused on the bottom ITO electrode
surface. In the figure, H denotes a height of the microchannel. (a) Velocity field and
speed distribution of a light-actuated electrothermal flow. (b) Vorticity contour in the
electrothermal vortex. The vorticities were calculated by establishing a cylindrical
coordinate system on the PIV data.

6.3
6.3.1

Result and Discussion

Flow Field and Vorticity Field in a Light-actuated Electrothermal Flow

Figure 6.3 shows a flow field and vorticity field in the light-actuated ET flow. The
result was obtained by positioning a focal plane of a camera to a central cross-section of
the flow from side of the chip and successively capturing the movement of the suspended
tracing particles. Then, selection of the interesting domain for imaging is based on a 3D
axisymmetric vortex structure of the light-actuated ET flow observed during the
experiment. The tracing particles flow in and out of the focal plane repeatedly, heading
toward an optical axis (O.A.) of the applied focused laser. This indicates that the
electrothermal flow is being generated in an axisymmetric toroidal structure. The flow
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structure allows performing this study through 2D imaging at the central cross-section
instead of 3D measurement. In Fig. 6.3(a), the vectors are symmetrically distributed with
respect to the O.A., drawing a pair of vortex ring. Origin of the flow structure is found
from the distribution of an electrical body force in DI water, determined by the coupling
of an AC electric field and a temperature field. The laser focused on the bottom ITO
electrode induces axisymmetric temperature-dependent gradients of electrical
conductivity and permittivity in the fluid [5, 219]. The variation of the electrochemical
properties produces an electrical body force in the same distribution configuration on the
fluid element under an applied electric field, and the force generates the toroidal
electrothermal vortex [5]. Figure 6.3(b) presents the distribution of vortex strength in the
flow. It was obtained by establishing a cylindrical coordinate on the flow field and
applying Eq. (6.2):
.

(6.2)

In the figure, the vorticity field shows a symmetrical distribution with respect to the
incident direction of a laser (x/H=0), identically with Fig. 6.3(a).
An interesting finding observed in Fig. 6.3(a) is that the electrothermal flow has a
source-flow type over the bottom electrode. The suspended tracing particles are
transported toward the laser focus and then again, are attracted for the top electrode along
a propagation direction of the laser beam. This flow pattern can be physically understood
on electrokinetics and electromagnetics. The variation of electrical conductivity and
permittivity in DI water induced by the focused laser causes the gradient in local electric
field for continuous flow of an electric current, when an external electric field is applied.
At much lower AC frequencies than a charge relaxation frequency of DI water (fτ~ 517
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kHz, calculated [5, 52-53, 55]) as in Fig. 6.3, the electric current flows by the movement
of ions dissociated from chemical impurities and organics in the fluid (conduction current,
I=δJ/δt, where J=σE)[5, 216]. Then the charge carriers experience the variation of local
electric field produced by mostly electrical conductivity gradient, while moving across
the fluid in response to an external electric field. This is because the temperaturedependent variation of electrical conductivity is larger 5~7 times than it of electrical
permittivity [5, 216, 219]. Since electrical conductivity of a liquid increases with
temperature, there exists a weak local electric field around the bottom electrode where
heating by the focused laser occurs dominantly. On the other hand, a relatively strong
local electric field is formed around the top electrode because the thermal energy reached
from the laser is small compared with the bottom electrode. Such spatial distribution of
local electric field exerts larger Coulomb force to the ions moving toward the top
electrode and it eventually causes bulk flow transport of DI water in the same direction
due to a viscous drag force between the ions and the fluid. This is a generation principle
of the source-type electrothermal flow shown in Fig. 6.3.
At markedly higher AC frequencies than the liquid relaxation frequency, a sinktype light-actuated ET flow is generated. This is because the gradient of electrical
permittivity rather than electrical conductivity induces the change of local electric field
strength in a fluid [53]. An electric current in the frequency range is provided by the
slight motion of permanent dipoles in DI water molecules (displacement current, I=δD/δt,
where D=εE) [5, 216], not by the movement of ions. Because the ions don’t have enough
time to move to either electrode, they cannot make any contribution to the electric current.
Therefore, when the displacement current flows across the interface in a fluid where
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electrical permittivity gradient exists, the variation of local electric field is made there so
that a constant electric flux density can be maintained [5, 216]. Since electrical
permittivity of a liquid decreases with temperature, a relatively strong electric field exists
around the bottom electrode on which a laser is focused. Around the top electrode, a
weak local electric field is distributed. Due to such spatial distribution of local electric
field, liquid molecules in DI water are subject to a net dielectric force directing the
bottom electrode. It gives rise to generation of a light-actuated ET flow with the sink type.
The flow pattern was not investigated experimentally in this study because at AC
frequencies (> 2MHz), the applied electrical signals were distorted by high electrical
resistance of the used microfluidic chip. However, many numerical studies support the
flow pattern [5, 51, 202].

6.3.2

Dependence of a Light-actuated Electrothermal Flow on Electrical and Thermal
Conditions
The physical understanding of a light-actuated ET flow obtained from the

experiments led to the investigation about dependence of the flow on electrical and
thermal condition. In this study, the investigation was achieved by analyzing the change
of a light-actuated ET flow with an AC frequency, an electric potential and a temperature
rise in DI water using PIV technique and plotting maximum values in the electrothermal
vorticity fields over the each parameter (Figure 6.4).
When an externally applied electric potential and laser intensity was fixed at
17.68Vrms and 90mW respectively, the vorticity decreased as AC frequency increased
from 50 kHz to 2MHz, and showed a plateau in the frequency region above 450 kHz
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Figure 6.4. Dependence of a light-actuated electrothermal flow on electrical and
thermal condition. In each figure, the y-axis represents the maximum value of an
electrothermal vorticity. And the data points are fitted with theoretical curves given by
an electrothermal theory (gray solid line). (a) Change of the electrothermal flow
vorticity with applied AC frequency (f). For this experiment, the AC frequency was
increased from 50kHz to 2MHz while the electric potential and laser power was fixed
at 17.68Vrms and 90mW respectively. (b) Change of the electrothermal flow vorticity
with applied electric potential (Vrms). It was investigated by changing electric potential
from 1.77Vrms to 21.2Vrms under the application of 20kHz AC frequency and 30mW
laser power. (c) Change of the electrothermal flow vorticity with laser power (Lp). For
this investigation, the laser power was changed from 20mW to 200mW while the AC
electric signal was fixed at 15 kHz and 10.61Vrms. The increase of the laser intensity
corresponds to a temperature rise in DI water.

(Figure 6.4(a)). This is because Coulomb force, one of the driving forces for an
electrothermal flow, becomes weak along with the frequency increase. As shown in Eq.
(6.1), an electrothermal flow is governed by the combination of Coulomb force and
dielectric force [5, 53]. While the former is a force acting between an applied electric
field and ions in a fluid, the latter is a force exerted between an applied electric field, and
dipoles on the interface where electrical permittivity gradient exists. The relative
contribution of the two forces on an electrothermal flow is determined by a charge
relaxation frequency of a fluid (fτ) [5, 53]. While Coulomb force dominates at AC
frequencies far below the relaxation frequency, dielectric force is relatively stronger at
AC frequencies much higher than the relaxation frequency. The DI water used in this
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study has a liquid relaxation frequency of ~517 kHz. Therefore, the decrease of the
maximum vorticity in Figure 6.4(a) occurs because Coulomb force governing the
electrothermal flow at the low frequency decreases along with the increase of AC
frequency passing through the relaxation frequency. Figure 6.4(b) shows the change of a
maximum electrothermal vorticity with electric potential. As an applied electric potential
increases from 1.77Vrms to 21.2Vrms, the vorticity also increases on the second power of
the electric potential. This phenomenon attributes to the physical fact that Coulomb force
governing the electrothermal flow at 20 kHz AC frequency is proportional to the square
of electric potential [5, 53]. We also investigated the dependence of a light-actuated ET
flow on a temperature change in a fluid (Figure 6.4(c)). The experiment was achieved by
increasing laser intensity from 20mW to 200mW under the application of a constant AC
electric signal (10.61Vrms at 15 kHz). Then, Joule heating in the chip was ignored since a
fluid temperature rise by the applied electric potential was estimated to be about 0.2 [°C
or °K]. Therefore, the temperature dependence of the electrothermal flow could be
investigated through only the change of laser intensity. In Figure 6.4(c), the
electrothermal vorticity increases linearly along the applied laser intensities. This is
because the laser powers caused a linear increase in the electrical conductivity gradient of
DI water through gradational heating of the fluid. The temperature distribution induced
by change of the laser intensities is shown in Figure 6.5. The result can be extended to
explain the reason why a Joule heating-based ET flow is proportional to the fourth power
of an applied electric potential. As a temperature rise in a fluid is scaled with the square
of electric potential [2, 8, 31], the change of an electrothermal flow strength with
temperature also is characterized on the same scale by the linear correlation obtained
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Figure 6.5. Temperature distribution in DI water measured by a LIF technique. (a)
Change of the fluid temperature with time. The temperatures over all laser intensities
were saturated in 40sec. (b) Temperature distribution in DI water around the bottom
electrode. (c) Change of a temperature rise in DI water with applied laser intensities.
(d) Temperature distribution at the bottom ITO electrode, the middle of channel height
and the top ITO electrode. The applied laser intensity is 170mW.

from Figure 6.4(c). It eventually produces the dependence of a Joule heating-based ET
flow on the fourth power of electric potential in combination with the result in Figure
6.4(b). All of the experiment results are in accurate agreement with an electrothermal
theory, and provide the physical understanding to not only a light-actuated ET flow but
also a Joule heating-based ET flow.
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6.3.3

Dimensionless Number for an Electrothermal Flow Obtained by Use of
Buckingham PI Theorem

Based on the massive information obtained from the PIV and LIF experiment, we
attempted making a dimensionless number to characterize an electrothermal microfluidic
flow using a Buckingham PI theorem. Buckingham PI theorem is a method that finds
dimensionless numbers of various physical variables involved in a certain natural
phenomenon through dimension analysis [220]. To identify dimensionless numbers for
an electrothermal flow using this theorem, first it is required to select all physical
variables which affect the flow. The selected variables are expressed in form of a
function as below:
(6.3)
where fe represents electrothermal body force. H is channel height, g gravitational
acceleration, v fluid velocity, T temperature change in a fluid, f and V electric frequency
and potential, ρc liquid charge density, km thermal conductivity of a fluid, μ dynamic
viscosity, ε gradients of electrical permittivity, ρ liquid density, Cp specific heat capacity,
β volumetric expansion coefficient, ks thermal conductivity of an electrode substrate, hT
heat transfer coefficient, hm mass transfer coefficient, DT and Dm denotes thermal and
mass diffusivity respectively. Of these variables, ρ, H, v, β and ρc were chosen as
repeating parameters for the dimension analysis. According to a Buckingham PI theorem,
the number of dimensionless terms (Π) is equal to (n-k) where n is the number of
independent parameters involved and k is the number of basic dimensions involved.
Since the number of the above variables is 19 and the basic dimensions are 5, the total 14
of Π will be obtained. Hence, one can write as follows:
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• Repeating parameters
M (mass)

:

ρ (fluid density) [ML-3]

L (length)

:

L (channel height) [L]

T (time)

:

v (fluid velocity) [LT-1]

Ө (temperature)

:

β (volume expansion coefficient) [Ө-1]

A (Ampere)

:

ρc (fluid charge density) [L-3TA]

(6.4)

• Dimensionless variables
Π1

Π2 Π Π Π Π Π Π Π Π10 Π11 Π12 Π13 Π14 .

(6.5)

Each term in Eq. (6.5) corresponding one-to-one to the variables in Eq. (6.3) obtains their
final dimensionless number form through the multiplication of themselves and the
repeating variables, and the comparison with zeroth order power. The example is shown
as below and all the dimensionless variables identified by the procedures are listed in
Table 6.1:
Π1

(6.6)

Π1

.

In order to find a dimensionless number to characterize an electrothermal fluid flow on
basis of the variables, a physical meaning of each of them should be interpreted first. It
needs defining fundamental forces and their scales involved in the variables. In this paper,
we choose a viscous force and an inertial force as the basic forces: While a viscous force
is scaled by shear stress-strain relation for a Newtonian fluid (Eq. (6.7)), the scale of an
inertial force is found using Reynolds number (Re) (Eq. (6.8)):
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Viscous force

(6.7)

Inertial force

(6.8)
.

Using these scales, we can interpret the composition of physical forces contained in the
dimensionless variables (Π1~Π14) (Table 6.1). As an example to aid readers’
understanding, the physical interpretation on Π1 is shown like below:
Electrothermal body force

Π1

Inertial force

.

(6.9)

Summarizing the dimensionless numbers and their physical meanings obtained by a
Buckingham PI theorem and a scaling analysis till now, one can write as follows:
Π1
where

Π2 Π Π Π Π Π Π Π Π10 Π11 Π12 Π13 Π14
Electrothermal

Π1

Inertial force
Gravity

Π2

Inertial force

Π3
Characteristic frequency

Π4

Electrical Reynolds Number
Coulomb force

Π5

Inertial force

Π6
Viscous force

Π7
Π8

Inertial force
f

1

Dielectric force

Π5

Coulomb force

(6.10)
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Π9

Viscous diffusion

Π

Π

Thermal diffusion

Π10
Π11

Π

Convective heat transfer
Conductive heat transfer
Convective mass transfer

Π1

Π13

Π1

Viscous force

Mass diffusion

Inertial force

Viscous diffusion

Π1

Viscous force

Thermal diffusion

Inertial force

Viscous diffusion

Diffusive mass transfer

.

The step which now we have to go further with a group of the dimensionless
numbers is to simplify them by applying a key assumption and also eliminating one of
the dimensionless parameters which have an overlapped physical meaning. In the PIV
and LIF experiments shown previously, we measured a flow field and a temperature field
over only the fluidic domain, excluding the ITO electrode region and the electrode-fluid
interface. It indicates that the phenomena such as heat conduction across the electrode
cross-section, and mass and heat transfer occurring at the interface don’t need to be
considered any more in this study. Therefore, Π10~Π12 can be eliminated from the group.
Π6 and Π9 is also omittable since the two numbers can be substituted by Π14 through Pr
(Prandtl Number: Cpµ/kf). The assumption and substitution gives the updated version of
Eq. (6.10):
Π1

Π2 Π Π Π Π Π Π13 Π14 .

(6.10.1)

Now, we need to modify or combine the above dimensionless variables in a more welldefined form for further simplification and matching with the experiment data obtained
from PIV and LIF measurements. Π1 represents the ratio of electrothermal body force to

138
inertial force. Since most of liquid flows in a microsystem have a low Re and accordingly
are described by Stokes’ law, the Π1 can be modified like Eq. (6.11):
Π1

.

(6.11)

Π5 denotes the ratio of Coulomb force to inertial force. In a numerator of the term,
the electric field component (V/H) can be re-written as the sum of two components, i.e.
(V/H) =(V/H)0+(V/H)1 (|(V/H)0|»| (V/H)1|), where (V/H)0 and (V/H)1 is the applied field
component and perturbation field component respectively. It is because in many cases,
the deviations of electrical permittivity and conductivity are so small. Each of the
components should satisfy a charge-conservation equation:
(6.12)
.

(6.13)

Accordingly the charge density of each order can be approximated to
(6.14)
.

(6.15)

By Eq. (6.12)~(6.15), Π5 can be re-written as below:
Π5

.

(6.16)

Then, the dimensionless variable Π5 has a non-zero time average value for applied AC
electric field. This value is given by the use of several mathematical formulae including a
Hermitian inner product rule:
Π5

.

(6.16.1)
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Π8 represents a multiplication of the inverse of Π5 and the ratio of dielectric force
to Coulomb force. To extract only the latter term from Π8, Π5 should be multiplied to
both sides of the Π8:
Π8

Π5

v

Dielectric force
Coulomb force

.

(6.17)

The variable (6.17) also has a non-zero time average value over AC electric signal
similarly with Π5, and the value is given by
Dielectric force

f

1
2

.

Coulomb force

(6.17.1)

The dimensionless variable (6.17.1) produces a new dimensionless number through its
own modification and the multiplication with Eq. (6.16.1):
Coulomb force

Dielectric force

Inertial force

Coulomb force

(6.18)

Coulomb force-Dielectric force
Inertial force
1
2

.

The combination of Π2 and Π3 gives the ratio of buoyant force to inertial force:
Π2

Π3

Gravity

Buoyant force

Inertial force

Inertial force

. (6.19)

The multiplication of Π7 with the inverse of Π14 produces Prandtl number (Pr):
Π7

.

Π14

(6.20)

The Pr gives Schmidt number (Sc) in combination with Π13 and Π14:
Π13

Π14

.

(6.21)

Lastly, Π4 provides a very important dimensionless variable that determines a
driving characteristic of an electrothermal fluid motion. As mentioned previously, an
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electrothermal flow is driven by primarily Coulomb force or dielectric force depending
on an externally applied AC frequency. While at low frequency Coulomb force
dominates the flow, at high frequency dielectric force governs the flow overwhelming the
Coulomb force. Π4 gives a dimensionless number that distinguishes the Coulomb forcedominated regime and the dielectric force-dominated regime via a slight modification:
Π4

.

(6.22)

In Eq. (6.22), ReE is defined as the ratio of the time-scales of charge convection by flow
and charge relaxation by ohmic conduction, and has almost a constant value for liquid
flow in microsystems (ReE~10-7 to 10-6). Therefore, the Π4 can be substituted by f/τ, the
ratio of an external AC frequency to liquid charge relaxation frequency. All the
dimensionless variables modified or refined till now can be summarized as follows:
Π1
where

Π2 Π

Π

(6.23)

Π1
1

Π2

2

Π3
Π4

.
In order to find a dimensionless variable to characterize an electrothermal
microfluidic flow, we investigated the dependence of DI water’s physical properties on
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an AC frequency, an electric potential and a temperature in a fluid (Table 6.2) and based
on it, compared the above dimensionless numbers with the PIV and LIF measurement
data. In the procedure, a preferential attention was given to Π4, Pr and Sc, because they
might not need to be considered under the experimental setup and conditions we used in
this study. Π4 defines the strength of natural convection as a ratio of buoyant force to
inertial force. Since an electrothermal flow is a forced convection generated by not a sole
effect of temperature gradient but the interaction of a temperature variation and an
applied electric field, the dimensionless variable should be excluded strictly. Pr is a
dimensionless number to judge whether heat transfer in a fluid is achieved by convection
or by conduction. It depends on primarily a kind of a used suspending medium and its
state. We used DI water or aqueous-based solution with low molar concentration during
experimentation. Besides even though the laser intensity was increased up to 200mW, it
didn’t make significant change on the Pr value (calculated value: 7.7~8.2). Therefore, the
Pr also is negligible. Sc is a dimensionless number that defines the ratio of momentum
diffusivity and mass diffusivity. Since the mass diffusion is governed by primarily the
gradients of molar concentration in a fluid, it is useful to characterize the electrothermal
flow of a liquid with high concentration. However as we drove an electrothermal flow in
DI water as mentioned earlier, the Sc can be ignored for this case.
Figure 6.6 shows the relationship between Π1 and Π2, which was obtained on the
PIV and LIF data. For this, a total of 110 data points were used. There are two kinds of
data point groups (Fig. 6.6(a)): While 72 out of the points (red-color hollow dots) follows
a linear change, the other 40 points (blue-color hollow dots) shows a random distribution
without a specific pattern. The deviations between the two groups are attributed to the
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Figure 6.6. Characterization of an electrothermal flow using a Buckingham PI theory:
(a) Matching of Π1 and Π2 with PIV and LIF measurement data. (b) Change of natural
convection vorticity with applied laser intensities. (c) Magnification of a fitting curve
(1) in Fig. 6.6(a).
effect of natural convection involved in the electrothermal fluid motions. It is
demonstrated by a simple comparison of the vortex strengths shown in Fig. 6.6(b) and
Fig. 6.4 (ωN/ωET). The relative contribution of natural convection on the electrothermal
flows is largely big at low electric potentials (V=1.77~3.54Vrms) and laser intensity
(Lp=20mW), and high AC frequencies (f=500kHz~2MHz), i.e. ωN/ωET =15~50%. It
produces the random distribution of the 40 points in Fig. 6.6(a). The point set will be
excluded in characterizing an electrothermal flow and developing its dimensionless
variable because they are restricted to present flow characteristics of only the
electrothermal fluid motion due to high natural convection effect. Therefore, we
performed a statistical fitting over the red-color data points and as a result, obtained a
linear curve with high coefficient of determination (R2=96.2%) which has a slope close to
“1” (Figure 6.6(c)). On basis of the matching results, Eq. (6.23) can be restated as follows:
Π1

Π2

where Π1

Π

(6.23.1)
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Figure 6.7. Comparison of the vorticity values predicted by Π1 and Π2 with
experimental data.

1

Π2

2

f Π2

.

Using the fitting linear curve, we predicted vortex strengths of an electrothermal
microfluidic flow over applied AC frequencies, electric potentials and laser intensities
and compared them with Fig. 6.4 (Fig. 6.7). Then the prediction was performed over
other ranges than the range where natural convection is dominant, i.e. f=50kHz~450 kHz,
V=7.07~21.21Vrms and Lp=40~200mW. As a result, a very good agreement was found
from the comparison. This demonstrates that Π2 is a physically reasonable dimensionless
number to characterize an electrothermal microfluidic flow. Furthermore, we attempted
estimating natural convection effect involved in the electrothermal flows using the
dimensionless variables obtained by Buckingham PI theorem. The calculation was
achieved through the combination of Π1, Π4 and Re like below, and the result was
presented in Figure 6.8:
Π1

.

(6.24)
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Figure 6.8. Effect of natural convection in the electrothermal flows predicted by Π1
and Π2, and its comparison with experimental data.
It shows a very similar quantitative prediction with the simple comparison table of the
vortices mentioned previously.

Table 6.1. Dependence of DI water’s physical properties on an AC frequency, an electric potential and a temperature in the fluid.
Electrical potential [V-1]

Parameters

Electrical permittivity (ε)

1

Electrical conductivity (σ)

−9

1

(1/σ)(∂σ/∂E) ~ 7.0×10

(1/ε)(∂ε/∂T) ~ −4.0×10

2

1

(1/ρ)(∂ρ/∂E) ~ −2.7×10

−3

−2

2

(1/σ)(∂σ/∂T) ~ 3.7×10

(1/µ)(∂µ/∂T) ~ 2.3×10
−13

(1/ρ)(∂ρ/∂T) ~ −4.0×10

2

−4

−2

Kinematic viscosity (ν)

●

(1/ν)(∂ν/∂T) ~ −2.3×10

Mass diffusivity(D )

●

(1/Dm)(∂Dm/∂T) ~ 4.5×10

Thermal diffusivity(D )

●

(1/DT)(∂DT/∂T) ~ 5.7×10

Volumetric expansion (β)

●

(1/β)(∂β/∂T) ~ 4.75×10

m

T

Frequency [Hz-1]

Ref.

(1/ε)(∂ε/∂f) ~ −1.9×10

3

−15

−5

3

(1/σ)(∂σ/∂f) ~ 3.8×10

−2

●

Dynamic viscosity (µ)
Density (ρ)

(1/ε)(∂ε/∂E) ~ −1.0×10

−12

Temperature [C-1 or K-1]

[221-222]1/
[223-226]2/
[225, 227-232]3
[233-235]1/
[236]2/
[225, 227-232]3

●

[227, 237-238]

●

[239-240]1/
[227]2

●

[227, 237-238]

●

[241-242]

●

[243]

●

[227]

−3

−3

−2
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Table 6.2. Dimensionless numbers for an electrothermal microfluidic flow identified by a Buckingham PI theorem.
Corresponding
Dimensionless
Number

No.

Variable and Symbol

Dimension

Physical Meaning

Specification

1

Electrothermal force (fe)

[ML-2T-2]

Π1 =

Electrothermal
Inertial force

2

Gravitational acceleration (g)

[LT-2]

Π2 =

Gravity
Inertial force

Gravity

3

Temperature change ( T)

[Ө]

Π3 =

Volume expansion

Controlling
parameter

4

Electric frequency (f)

[T-1]

Π4 =

Characteristic frequency
Electrical Reynolds Number

Controlling
parameter

5

Electric potential (V)

[ML2T-3A-1]

Π5 =

Coulomb force
Inertial force

Controlling
parameter

6

Fluid thermal conductivity (kf)

[MLT-3Ө-1]

Π6 =

Dimensionless variable of fluid
thermal conductivity

Fluid
property

7

Dynamic viscosity (µ)

[ML-1T-1]

Π7 =

Viscous force
Inertial force

Fluid
property

Dependent
variable
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Table 6.2: Continued.
1
Π5

f

Dielectric force
Coulomb force

Fluid
property

8

Fluid permittivity gradient ( εf)

[M-1L-4T-4A2]

Π8 =

9

Fluid specific heat capacity (Cp)

[L2T-2Ө-1]

Π9 =

10

Solid thermal conductivity (ks)

[MLT-3Ө-1]

Π10

=

Dimensionless variable of solid
thermal conductivity

11

Heat transfer coefficient (hT)

[MLT-3Ө-1]

Π11

=

Π

Convective heat transfer
Conductive heat transfer

Solid-fluid
Interface property

12

Mass transfer coefficient (hm)

[LT-1]

Π12

=

Π13

Convective mass transfer
Diffusive mass transfer

Solid-fluid
Interface property

13

Mass diffusivity (Dm)

[L2T-1]

Π13

=

Viscous force
Inertial force

Mass diffusion
Viscous diffusion

Solid-fluid
Interface property

14

Thermal diffusivity (Dm)

[L2T-1]

Π14

=

Viscous force
Inertial force

Thermal diffusion
Viscous diffusion

Solid-fluid
Interface property

Π

Π

Viscous diffusion
Thermal diffusion

Fluid
Property
Solid
property
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6.4

Conclusion

In this study, we carried out various experimental investigations on a light-actuated
electrothermal fluid motion and provided in-depth physical interpretations to the results.
Also on basis of the experiment data and the understanding, a dimensionless number to
characterize an electrothermal flow was constructed. For the experiments, a microfluidic
chip consisting of two parallel plate electrodes was fabricated and in DI water in the chip,
the light-actuated electrothermal flow was driven by the simultaneous application of an
AC electric field (1.77~21.2Vrms at 9kHz~2MHz) and a laser (20~200mW).The generated
flow was quantitatively analyzed with the use of a PIV and LIF technique, and
characterized by a Buckingham PI theorem.
The application of a focused laser in a uniform AC electric field brought about the
generation of an electrothermal fluid motion in an axisymmetric toroidal structure. The
flow structure is originated from the distribution of an electrical body force, which is
determined by the interaction of a temperature-dependent gradient of electrical
conductivity and permittivity and an applied electric field.
The individual dependence of a light-actuated electrothermal flow on an AC
frequency, an electric potential and a temperature rise in a fluid was investigated. Due to
a physical characteristic of Coulomb force and dielectric force, the electrothermal
vorticity increased along the applied electric potential and temperature rise. And the
increase of an AC frequency from 50 kHz to 2MHz caused a rapid decrease and
saturation of the flow strength. These results are in exact agreement with an
electrothermal theory.
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The relative contribution of natural convection on the electrothermal flows was
evaluated experimentally. Under most of the applied experimental conditions, a very low
natural convection effect of below 15% was accompanied in the flows. However, at AC
frequencies higher than a liquid charge relaxation frequency, the relative contribution
reached up to 50% and accordingly, appeared to affect to some degree the generation of
the light-actuated electrothermal flows.
A dimensionless variable to characterize an electrothermal flow was constructed
by a Buckingham PI theorem. It is composed of the combination of inertial force,
Coulomb force and dielectric force and is given by Π2 in Eq. (6.23.1).
The various experiment results and theoretical model not only help the complete
understanding about an electrothermal fluid motion, but also further provide the
invaluable insights for development of electrothermal flow-based LOC devices.
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